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1. Introduction

Light interaction with nanostructures has become a widely studied field

during the last decades because of the development of new manufacturing

methods such as electron beam and deep-UV lithographies and focused

ion beam technique. These enable the controllable fabrication of nanome-

ter scale structures. Also the characterisation techiques have experienced

huge improvements at the same time.

Tight confinement of the electric field in the nanostructures can enhance

the useful optical properties, such as Raman scattering and third-order

nonlinear optical processes. Silver nanoparticles can be used to enhance

local electric fields due to the surface plasmons and therefore, they are

potential for surface-enhanced Raman spectroscopy (SERS). In this the-

sis, cost-efficient fabrication techniques for SERS substrates have been

studied. Silver nanoparticles have been fabricated using silver ion ex-

change technique. Silver ion exchange technique has also been used in

glass waveguide applications [1–3].

Silicon is a commonly used material in commercial applications and

also in research because of its almost unlimited availability and semi-

conductor properties which are suitable for microelectronic applications.

The patterning of small silicon structures is important for microelectronic

industry and therefore, the fabrication devices and processes have been

developed enormously. Silicon is a potential material for photonic appli-

cations due to existing manufacturing processes, wide availability and

transparency at the telecommunication wavelengths (transparent above

the wavelength of 1.2 μm) [4]. Silicon nanostrip waveguides are proposed

for different applications because of the tight confinement of ligth due

to the high refractive index. This also enables small device footprints.

Silicon slot waveguides can be used to confine the electric field to the low-

index material in the slot. Complete filling of slots is crucial for low losses.
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Introduction

Atomic layer deposision (ALD) has been shown to work well with this kind

of small structures due to the conformal growth. ALD is also compatible

with complementary metal oxide semiconductor (CMOS) technology and

therefore, an excellent method for silicon photonics.

In this thesis, I report the studies of the fabrication of silver nanopar-

ticles into glass and their SERS properties, the optical properties of ALD

grown nanolaminates and the properties of the silicon strip and slot waveg-

uides covered with ALD materials. In Publications I and II, we have stud-

ied two different fabrication methods for SERS substrates, a silver ion

exchange technique with a heat treatment and a two-step ion exchange

technique. The silver ion exchange with a heat treatment is a very simple

and cost-efficient process while the two-step ion exchange gives the possi-

bility to fabricate silver nanoparticles just at certain areas. Publication III

shows the possibility to enhance the third order optical nonlinearity using

ZnO/Al2O3 nanolaminates fabricated by ALD. Completely ALD material

filled silicon slot waveguides are studied in Publications IV and V. In Pub-

lication VI, ALD deposited TiO2 has been used to modify the polarization

properties of the silicon nanostrip ring resonators.

The thesis is organized as follows. Theoretical backgrounds of silver

nanoparticles and SERS, relevant to the thesis, are discussed in Chapter

2. Chapter 3 introduces the basic theories, geometries and properties of

waveguides. In Chapter 4, the fabrication methods used in this thesis

are described. Chapter 5 presents characterization methods and the re-

sults are shown in Chapter 6. Finally, the thesis work is summarized in

Chapter 7.
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2. Silver nanoparticles

2.1 Optical properties

Metal nanoparticles have been used for colouring glasses for thousands of

years [5]. One of the most famous example is the Lycurgus cup (shown

in Fig. 2.1). This cup was fabricated on the 4th century A.D. and it was

made from glass containing silver-gold alloy nanoparticles. The interest-

ing property of this cup is that when light is reflected from the glass, the

cup looked greenish but when light is transmitted through the cup, it ap-

pears in red. This is due to more effective scattering in the blue end of the

visible spectrum than in the red end.

Figure 2.1. Lycurgus cup seen a) with reflected and b) with transmitted light [5].

Metal nanoparticles have also been widely used since the Middle Ages

in the color windows of the cathedrals and churches. The picture from

the colored windows in Sainte Chapelle in Paris is shown in Fig. 2.2.

Typically, the light transmitted through the silver nanoparticle appears

in yellow and through the gold nanoparticles in ruby red [6].
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Figure 2.2. Picture of the colored windows in Sainte Chapelle. [7].

2.1.1 Localized surface plasmon

Localized surface plasmons are collective oscillations of free electrons.

Free electrons in the metal start to oscillate under the influence of the

light’s time-varying electric field. Schematic of the surface plasmon oscil-

lation in nanoparticles is shown in Fig. 2.3. The nanoparticle size should

be smaller than the skin depth of the metal which is around 25 nm for sil-

ver. The plasmon absorption band for isolated silver nanoparticles occurs

around the wavelength of 400 nm. The measured absorption spectrum

from the silver nanoparticles fabricated by two-step ion exchange in glass

is shown in Fig. 2.4.

Figure 2.3. Schematic diagram of the surface plasmon oscillation in metal nanoparticles.
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Figure 2.4. Absorbance spectrum of two-step ion-exchanged glass sample.

2.2 Surface enhanced Raman spectroscopy

2.2.1 Raman scattering

The Raman effect was experimentally discovered in 1928 by C.V. Raman

and K.S. Krishnan in India [8] and at the same time in Soviet Union by

L. Mandelstam and G. Landsberg [9]. In Raman scattering, photons are

interacting with molecules and this inelastic scattering can be illustrated

in a molecular-energy diagram shown in Fig. 2.5. Depending on whether

the molecule is on its vibrational ground state or first-excited state (n=0 or

n=1), the Raman scattering signal is shifted to lower (Stokes scattering)

or higher (anti-Stokes scattering) energies than the excitation energy hνL.

In the Stokes scattering, the energy of the scattered photon is hνS = hνL−
hνM and in the anti-Stokes, it is hνaS = hνL + hνM , where hνM is the

molecule’s vibrational energy. In general, the anti-Stokes Raman signal

is much weaker than the Stokes signal because only a small fraction of

the molecules are in an excited molecular state. [10]

Figure 2.5. Molecular-energy diagram illustrating Raman scattering.

The Raman scattering power PRS is related to the light’s excitation in-

tensity IL, the number of molecules N in the probed volume, and the Ra-
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man cross-section σR according to equation [10]

PRS ∝ NσR · IL. (2.1)

Raman scattering gives specific information about the structure and the

composition of the molecule. Every material has its own vibrational fin-

gerprint. The vibrational information can be obtained by measuring the

frequency shifts between the excitation and scattered light. The chal-

lenging thing is the weakness of the Raman effect. Typical Raman cross-

sections per molecule are between 10−30 and 10−25 cm2. In comparision,

the effective cross-section in fluorescence spectroscopy is in the range of

10−17 and 10−16 cm2. Therefore, the Raman effect needs to be enhanced to

obtain the vibrational information from a small amount of molecules. [10]

2.2.2 Surface enhanced Raman scattering

Surface enhanced Raman scattering was discovered in 1974 by Martin

Fleischmann and coworkers [11]. They observed an unexpectedly strong

Raman signal from a monolayer of pyridine on an electrochemically rough-

ened silver electrode. They proposed that the strong signal is due to

the larger number of molecules from the increased surface area. R. Van

Duyne and D. Jeanmaire [12] and also M.G. Albrecht and A. Creighton

[13] confirmed these results in 1977 and concluded that the signal en-

hancement can not be explained by an increase in surface area alone. Van

Duyne and Jeanmaire proposed that the enhancement is due to an electro-

magnetic effect while Albrecht and Creighton proposed a charge transfer

effect. M. Moskovits combined these effects to a conventional SERS en-

hancement effect in 1985 [14]. The metal nanostructures can enhance the

Raman signal in some cases even up to 14 orders of magnitude. The power

of the SERS PSERS depends on the number of molecules N , the intensity

of incoming light IL, the effective Raman cross-section of the adsorbed

molecule σR
ads, and the enhancement factors |(AνL)|2 and |A(νS)|2 which

are the enhancements of the incoming and scattered fields, respectively,

according to the equation

PSERS ∝ N · IL · |A(νL)|2 · |A(νS)|2 · σR
ads. (2.2)

Typically, SERS has been measured on rough metal surfaces [11, 15],

metal colloids [16, 17] and more recently on nanostructures fabricated by

e-beam lithography [18, 19] or focused ion beam patterning [20]. In SERS,
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the Raman enhancement consists of two different enhancement mecha-

nisms, an electromagnetic enhancement and a chemical enhancement.

Electromagnetic enhancement

In the electromagnetic enhancement, the electric field is enhanced near

the metallic structures because of the resonant interaction between the

optical fields and surface plasmons in the metal. The incoming light ex-

cites the surface plasmon which radiates a dipolar field. The coherent in-

teraction of the incoming electric field with the dipolar field redistributes

the electric field intensities in areas around the metal clusters. The elec-

tric field distributions in a single nanoparticle and fractal clusters are

shown in Fig. 2.6. The molecules in the vicinity of these metal clusters

feel the enhanced excitation intensity and therefore, the propability of

the Raman effect is higher. The Raman scattered signal is also enhanced

in a similar way as the incoming light. So the enhancement is occur-

ing twice if both the incoming and scattered frequencies are in resonance

with the surface plasmon. In this case, the signal power scales with the

fourth power of the local optical-field enhancement. The electric field en-

hancement depends on the size and shape of the metallic nanostructure

as well as the metallic material and the frequency of the incoming light.

M. Stockman et al. [21] studied the inhomogeneous distribution of highly

localized electric fields in 1996. They called these intensity spikes as hot

spots. These hots spots are formed to the sharp tips and narrow gaps in

the fractal nanoparticle clusters. In Ref. 22, a self-similar chain of metal

nanospheres was modeled to work as an efficient nanolens which can fo-

cus the plasmon field to a small gap between the nanospheres. We have

observed that these hot spots are crucial to the SERS in the case of silver

nanoparticles.

Figure 2.6. a) Localized surface plasmon and b) electric field distribution on a 10 nm
silver sphere under the excitation of an electric field E0, and c) field enhance-
ments in a fractal cluster. Figures combined from the Ref. 6.

7



Silver nanoparticles

Chemical enhancement

The chemical enhancement is also known as an electronic enhancement.

Early researchers observed that the Raman signal is proportional to the

electrode potential in the Raman measurement on the roughened silver

electrode. This suggested an electronic coupling between a molecule and

the metal. Electronic levels can be shifted or broadened or new ones can

be formed in the presence of metal because of charge transfer between the

molecule and the metal. These modified electronic levels can produce new

resonant conditions for the Raman effect. The electronic model based on

ballistic electrons and holes that are excited in the metal and coupled to

orbitals in the molecule has been discussed since the 1970’s [23]. In this

model, electrons can be excited in metal and then they can tunnel into the

lowest unoccupied molecular orbital. When these electrons return back

to their initial state, they emit a Raman-shifted photon. The chemical

enhancement can explain the dependence of the SERS enhancement on

elecrode potential and also the enhancement difference in the case of dif-

ferent molecules. [10]

2.2.3 Estimation of SERS enhancement factor

In our experiments, we estimated the enhancement factor (EF) using the

formula derived from Ref. 24:

EF =
Isurf ·NRaman

Iflu ·Nsurf
· 109, (2.3)

where NRaman and Nsurf are the number of R6G molecules which affects

to the non-enhanced Raman and SERS intensities, respectively, Isurf the

corresponding SERS intensity, and Iflu is the fluorescence intensity with-

out Raman enhancement under otherwise the same experimental condi-

tion. In practice, Iflu is measured from incubated bare glasses. As a rough

estimate, we assume that NRaman corresponds to the laser spot area (the

surface is flat) and the surface area Nsurf is assumed to be two times

larger than on a flat surface (Nsurf = 2 ·NRaman) [25]. Therefore, the bare

glass samples are used as references with the assumption that the incuba-

tion process is similar for bare glass and glasses with nanoparticles. This

will not give absolute values for SERS enhancement factor, but provides

a comparison of SERS enhancement in different substrates. Thus, the EF

is estimated comparing an intensity of the enhanced Raman peak to the

fluorescence intensity at 1363 cm−1 according to the equation
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EF =
Isurf
Iflu

1

2
· 109. (2.4)

Typically, the SERS enhacement factors for silver nanoparticle aggre-

gates have been in the level of 108 − 109.
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3. Optical waveguides

3.1 Ray optical theory

In a uniform material, light propagates along a straight line. Consider a

step-index planar waveguide shown schematically in Figure 3.1. If a ray

originates from point P with an angle θz, it will meet the opposite interface

at Q. The situation at Q can be simplified to a situation in which there is

an interface between two half-spaces of refractive indices nco and ncl as

shown in Figure 3.2. Snell’s law considers refraction in this situation.

The angle of the refracted ray θt can be solved from Snell’s law [26]

nco sin (
π

2
− θz) = ncl sin (

π

2
− θt). (3.1)

cln

cln

nco

z

z

P

Q

Figure 3.1. Propagation along a straight line between interfaces in the core of a step-
index planar waveguide.

The critical angle condition is reached when the refracted ray propa-

gates along the interface. This is reached, when θz = θc:

θc = cos−1(
ncl

nco
) = sin−1(1− n2

cl

n2
co

)1/2. (3.2)

When 0 ≤ θz < θc, the incident ray is totally internally reflected, which is

shown in Figure 3.2b. The incident ray is partially reflected and partially

refracted when θc < θz ≤ π/2. This situation is shown in Figure 3.2a.
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Figure 3.2. (a) Partial reflection and refraction and (b) total internal reflection at a planar
interface between unbounded regions of refractive indices nco and ncl.

When total internal reflection takes place, all the ray power stays in

the core medium and the ray propagates in a ”zigzag” path. This kind

of a path is considered in Figure 3.3a. If θz > θc, power is lost in every

reflection, as can be seen in Figure 3.3b. In principle, a totally reflecting

ray can propagate in the waveguide infinitely without any loss of power.

[27]

In the ray optical theory, it must be kept in mind that the "ray" is not

narrow, but the ray actually describes a wavefront, which fills the whole

waveguide. The ray only shows the direction of the propagating wave-

front. Due to the "zigzag" path of the wave, the wave folds on itself. The

requirement of the constructive interference means that the wave propa-

gates with certain angles only. Therefore, only a set of discrete modes can

propagate.

Figure 3.3. (a) A ray propagating with total internal reflections (b) a lossy ray propagat-
ing with partial refrections.
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3.2 Electromagnetic theory

Maxwell’s equations

The wave optical theory of light propagation is based on Maxwell’s equa-

tions. These equations are [28]

∇× E +
∂B
∂t

= 0, (3.3)

∇× H − ∂D
∂t

= J, (3.4)

∇ · D = ρ, (3.5)

∇ · B = 0, (3.6)

where E is the electric field vector (in volts per meter) and H is the

magnetic field vector (in amperes per meter). D is called the electric dis-

placement vector (in coulombs per square meter) and B is the magnetic

induction vector (in webers per square meter). ρ is the electric charge

density (in coulombs per cubic meter) and J is the electric current density

vector (in amperes per square meter).

The relationships between B and H as well as between E and D are

known. These so-called constutive equations (or material equations) are

[28]

D = εE = ε0E + P, (3.7)

B = μH = μ0H + μ0M, (3.8)

where ε is the dielectric tensor (or permittivity tensor) and μ is the per-

meability tensor. P is electric polarization and M is magnetic polariza-

tion. The constant ε0 is the permittivity of a vacuum and it’s value is

8.854 · 10−12 F/m. The constant μ0 is the permeability of a vacuum and it

has the exact value of 4π · 10−7 H/m.

The wave equation

The electromagnetic wave equation comes directly from Maxwell’s equa-

tions. A source free (ρ = 0, J = 0), linear (ε and μ are independent of E

and H), and isotropic medium is assumed. Eqs. 3.3-3.6 become

∇× E = −∂B
∂t

, (3.9)

∇× H =
∂D
∂t

, (3.10)
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∇ · D = 0, (3.11)

∇ · B = 0. (3.12)

These equations describe the electromagnetic field in time and space. [29]

First the curl of both sides of Eq. 3.9 is taken and Eq. 3.8 is used to get

∇×∇× E = −μ
∂

∂t
(∇× H). (3.13)

Substituting ∇ × H = ∂D/∂t into Eq. 3.13 and assuming that ε is time

invariant gives

∇×∇× E = −μ
∂

∂t
(
∂D
∂t

) = −με
∂2E
∂t2

. (3.14)

The (∇×∇×) operator can be simplified using a vector identity

∇×∇× E = ∇(∇ · E)−∇2E. (3.15)

For homogenous areas ∇ · E = 0 and the wave equation reduces to form:

∇2E − με
∂2E
∂t2

= 0. (3.16)

3.3 Waveguide geometries and properties

3.3.1 Structures

Different kinds of waveguide cross-sections are presented in Fig. 3.4. The

refractive indices n1, n2 and n3 are chosen in a such way that n1 < n3 < n2.

The simplest structure, a slab waveguide, is a one-dimensional structure

where there are only three different material layers chosen such way that

the highest refractive index material is in the middle. The strip, slot, ridge

and diffused waveguides are two-dimensional waveguides. In the strip

waveguide, the rectangular strip of high index material is surrounded by

lower index materials. The strip and ridge waveguides are commonly used

in silicon photonic applications [30–33]. Almeida et al. proposed the idea

of the slot waveguide in Ref. 34 and demonstrated it experimentally in

Ref. 35. The interesting property of the vertical slot waveguide structure

is that the transverse electric (TE) polarised light is confined into the low

index material in the slot. This is due to the discontinuity of the electric

field at the high-index contrast interfaces [34]. Diffused waveguides are

graded-index waveguides, with their refractive index changing smoothly
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between the core and the cladding. The diffused glass waveguides are typ-

ically fabricated by an ion exchange technique [2, 36]. A proton exchange

can be used to fabricate diffused waveguides into LiNbO3 [37]. In this

thesis, we have used both the silicon strip and slot waveguide geometries.

Figure 3.4. (a) Slab waveguide; (b) strip waveguide; (c) slot waveguide; (d) ridge waveg-
uide; and (e) diffused waveguide.

3.3.2 Mode-field simulations

The slab waveguide modes can be solved analytically from the Maxwell

equations (Eqs. 3.3-3.6 in thesis) but for solving the propagating modes in

more complex waveguide structures, approximative or numerical meth-

ods are needed. The most commonly used methods are the finite-element

method (FEM) [38], the finite difference method (FDM) [39], the finite-

difference time-domain method (FDTD) [40] and the film-mode matching

method (FMM) [41]. All of these methods have their own strengths and

weaknesses.

In this thesis, the mode-field simulations have been done using the

FMM solver of the FimmWave software [42]. In FMM, the waveguide

cross section is divided equally into vertical slices which are laterally uni-

form but contain a number of vertical layers. The 2-dimensional mode is

constructed from the 1-dimensional TE- and TM-mode solutions for each

slice. The FMM solver works well with the rectangular waveguide struc-

tures. The electric field distributions of the TE-modes in the strip and slot

waveguides simulated by the FMM-solver are shown in Fig. 3.5.

Figure 3.5. Ex fields of TE modes in a) strip and b) slot waveguides.
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3.3.3 Estimation of third-order optical nonlinearities

In order to evaluate the expected performance of real all-optical devices,

nonlinearities in each part of the waveguide need to be taken into account.

Given a calculated mode field solution E,H(x, y) for a structure defined

with linear and nonlinear refractive indices n, n2(x, y), the perturbative

nonlinear effective index change relative to the propagating power, γ, can

be calculated as [43]

γ =
1

Z2
0

∫
n2(x, y)|E(x, y)|4n2(x, y)dA

|∫ Re{E(x, y)× H*(x, y)} · uzdA|2 , (3.17)

where uz is the unit vector in the propagation direction and Z0 is the

impedance of free space, 377 Ω [44]. This equation gives the effective

index change of the waveguide mode caused by the optical power in units

1/W.

3.3.4 Dispersion

Dispersion means that different wavelengths experience different refrac-

tive indices. The dispersion consists of a material and a waveguide dis-

persion. In the material dispersion, the frequency-dependency comes from

the material itself. In the waveguide dispersion, the frequency-dependency

is due to the waveguide geometry, mainly the refractive index difference

between waveguide and surrounding materials and the cross-section of

the waveguide. Polarization-mode dispersion (PMD) is one example of

dispersion. TE- and TM-polarization modes have different propagation

constants due to the material birefringence or the unsymmetrical waveg-

uide geometry. Therefore, different polarizations are propagating with

different velocities.

Light propagating through a dispersive prism is a well-known example

of the dispersion. In the dispersive prism, white light is splitted into a

rainbow because the different wavelengths are refracted to different an-

gles. The schematic diagram of white light propagating through the dis-

persive prism is shown in Fig. 3.6.

Group-velocity dispersion (GVD) causes pulse broadening because dif-

ferent spectral components of a pulse are propagating with different ve-

locities. Dispersion parameter D in a waveguide is defined as [45]

D = −2πc

λ2

d2β

dω2
=

2πc

v2gλ
2

dvg
dω

(3.18)
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Figure 3.6. Schematic diagram of white light propagating through a dispersive prism.

where λ = 2πc/ω is the vacuum wavelength and vg = dω/dβ is the group

velocity. c is the light velocity in the vacuum and β is the propagation con-

stant of the propagating mode in the waveguide. The dispersion is called

as a normal dispersion when D is positive and an anomalous dispersion

when D is negative. The wavelength when D = 0 is the zero-dispersion

wavelength λZD. In fiber optics the unit of the dispersion parameter is

ps/(km-nm).

3.3.5 Ring resonators

Optical filters [46, 47], modulators [30, 48, 49], all-optical logic [50], wave-

length converters [51, 52] and gas- and biosensors [53–55] have been

demonstrated using silicon-on-insulator ring resonators. The benefit of

the silicon-on-insulator waveguides is the high refractive index contrast

between silicon and surrounding materials which leads to the possibility

to guide light in tight bends. This enables compact devices.

A schematic diagram of the strip ring resonator is shown in Fig. 3.7.

Light with wide spectrum around 1.56 μm is coupled into the bus waveg-

uide and the resonant wavelenghts of the ring can be seen as dips in the

through port and as peaks in the drop port.

The transmission characteristics of a ring resonator can be generally

described by the following equation [56]:

T (λ) =
α2 +�2 − 2α� cos [θ + φ(λ)]

1 + α2�2 − 2α� cos [θ + φ(λ)]
, (3.19)

where � gives an amplitude transmission coefficient of the coupler, α rep-

resents internal losses in the ring, and the term (θ + φ(λ)) gives a phase

factor, where a wavelength dependent part is defined as

φ(λ) = 2π
Lneff (λ)

λ
. (3.20)
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Figure 3.7. Schematic diagram of the strip ring resonator. The scale bar in the coupling
region image is 1μm.

Here, neff stands for the effective index of the propagating mode and L

is the physical length of the resonator, L = 2πR, where R is the ring

radius. The resonant condition for light round trip path corresponds to

(θ+φ(λ)) = 2πm, where m is an integer, and hence a spacing between the

two consecutive resonances known as a free spectral range (FSR) can be

expressed as follows:

FSR(λ) =
λ2

Lng(λ)
. (3.21)

As seen from the equation above, FSR(λ) depends on the group index

ng and therefore takes into account the dispersion properties of a ring

resonator as

ng(λ) = neff (λ)− λ
dneff (λ)

dλ
. (3.22)
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4. Fabrication methods

4.1 Silver nanoparticle fabrication

4.1.1 Glass substrates

Four different glass substrates are used in this thesis, microscope slides

(Menzel-Gläzer), Corning 0211 and two different iron containing float

glasses.

The composition of the microscope slides reported by the manufacturer

is shown in Table 4.1. The second glass is a float glass with a concen-

tration of 0.016% of Fe by weight, and the third glass is a float glass

with 0.361% Fe concentration by weight. Iron concentrations in the float

glasses were measured by an Atomic Absorption Spectroscopy (AAS) mea-

surement. The fourth glass used is Corning 0211. It is a high quality

borosilicate glass. The composition of Corning 0211 glass is presented in

Table 4.2.

Table 4.1. Composition of microscope slides (Menzel-Gläzer) [57].

Composition weight %

SiO2 72.20

Na2O 14.30

K2O 1.20

CaO 6.40

MgO 4.30

Al2O3 1.20

Fe2O3 0.03

SO3 0.30
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Table 4.2. Composition of Corning 0211 glass [58].

Composition weight %

SiO2 64

B2O3 9

ZnO 7

K2O 7

Na2O 7

TiO2 3

Al2O3 3

4.1.2 Ion exchange

Ag+ − Na+ ion exchange

Pre-cleaned microscope slides and float glasses are immersed in a molten

mixture of 5% AgNO3 in a 50/50 mixture of NaNO3 and KNO3 at 300 ◦C

for 6 h. During the ion exchange, silver ions are diffused into the glass

matrix and the sodium ions are diffused out. Thus the sodium ions in the

glass matrix are replaced with the silver ions. After the Ag+ − Na+ ion

exchange the glass contains silver ions near to the surface.

Ag nanoparticles fabricated by Ag ion exchange and heat treatment

Silver nanoparticles can be formed in glasses containing iron impurities

using the ion exchange with a post-annealing technique. Iron in glass

has two possible ionic states: Fe2+ and Fe3+. The Fe2+-ions are more

interesting than the Fe3+-ions in case of silver nanoparticle formation,

because in a silver reduction process, silver needs one electron which it

can get from iron when an Fe2+-ion transforms to an Fe3+-ion during the

post-annealing process according to the reaction [59]:

Fe2+ + Ag+ → Fe3+ + Ag0. (4.1)

We use a silver-sodium ion exchange technique with a post-annealing

step to fabricate SERS-active substrates. Pre-cleaned microscope slides

and float glasses are immersed in a molten mixture of 5% AgNO3 in a

50/50 mixture of NaNO3 and KNO3 at 300 ◦C for 6 h. After the ion ex-

change process, the samples are post-annealed for 2 h at 600 ◦C. Diffusion

depths from our processes are large enough that quite uniform distribu-

tion at the scale of micrometers below the glass surface is formed.

20



Fabrication methods

Two-step ion exchange

Ag nanoparticles embedded in glass are synthesized by a double ion-ex-

change process. A pre-cleaned Corning 0211 glass is immersed into a

molten mixture of 5% AgNO3 in a 50/50 mixture of NaNO3 and KNO3 at

300 ◦C for 6 hours to exchange silver ions into the glass. A 100-nm-thick

Al film is then evaporated on the ion-exchanged glass by an electron-beam

evaporator. After that the sample is immersed for 2 hours into a KNO3

salt at 400 ◦C for reducing silver ions to metallic form.

The schematic diagram of the Ag nanoparticle formation process during

the K+ ion exchange is shown in Fig. 4.1. Due to the different reduction

potentials, Al layer gives electrons to the Ag+ ions inside the glass. Ag

nanoparticles are formed in a galvanic replacement reaction, and the left

Al3+ ions intend to go into the molten KNO3 salt. Hence, the Al layer

is at a negative potential (Vam) with respect to the melt. There is also

an electrical potential (Vgm) between the glass and the melt because Ag+

and Na+ are more active and mobile than K+ and more Na+ or Ag+ dif-

fuses out of the glass than K+ is diffusing in. At the elevated temperature

(400 ◦C), the glass can be considered as a solid electrolyte, and the Ag+

ions are relatively free to move in the glass matrix. Therefore, the elec-

trical potential difference leads to an ionic current flow in glass and drive

more Ag+ ions closer to the Al layer.

Figure 4.1. Schematic diagram of the Ag nanoparticle formation process in two-step ion
exchange. [Publ. II]

4.1.3 Preparation for SERS

After the nanoparticle formation, the samples are etched in a glass etchant

(buffered HF, Merck Sioetch 17/02 VLSI) to remove a thin glass layer from

the surface and to expose the silver nanoparticles. The average etch rates

are around 400 nm/min, 350 nm/min and 55 nm/min for the microscope

slide, the float glasses and the Corning 0211 glass, respectively. The sam-

ples are incubated in a 1 μM Rhodamine 6G (R6G) solution for 10-20
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min, stirring the solution every two minutes to promote the interaction

between the molecules and the silver particles on the glass surface, and

therefore improving the SERS performance. Following this, samples are

dried at room temperature.

4.2 Optical lithography

Optical lithography is used to pattern structures to thin films or bulk sub-

strates. Fig. 4.2 shows the optical lithography process steps for the Al-film

patterning. The 100 nm thick Al-film is deposited on the cleaned glass

substrate using a metal evaporator. Then a photoresist is deposited on

the Al-film using a spinner and it is exposed to UV-light. The mask allows

the UV-light to penetrate only to certain areas. Depending on the pho-

toresist, the exposed or non-exposed areas are developed. The Al-etching

can be used to pattern the Al-film in the areas where the photoresist is

developed. Finally, the photoresist is removed from everywhere using sol-

vents.

Figure 4.2. Patterning of the Al-film by optical lithography.

In this work, silicon nanowaveguides are fabricated in collaboration

with Institute of Microelectronics (IME), Singapore. Silicon nanowaveg-

uide structures are fabricated on 8 inch silicon-on-insulator (SOI) wafers

with 220 nm thick Si films and 2 μm thick buried oxide layers. The wafers

are patterned using 248 nm deep-UV optical lithography. Silicon is etched

using a reactive ion etcher (RIE) with a Cl2/HBr chemistry. For the 248

nm deep-UV lithography process, the linewidths are limited to approx.

200 nm.
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4.3 Atomic layer deposition

Atomic layer deposition is a thin film deposition method which has been

invented in 1980’s independently by two different research groups in Fin-

land and in Soviet Union. Tuomo Suntola was the Finnish inventor who

proposed to use atomic layer epitaxy films in the display applications [60].

Later, the atomic layer deposition became an established name for this

growth method. ALD has also been known as molecular layering [61],

molecular layer epitaxy [62, 63], and atomic layer chemical vapor deposi-

tion [64, 65].

In atomic layer deposition, different precursor gases are pulsed into the

reactor separately. The reactor is purged with an inert gas between the

different precursor pulses. The schematic of the Al2O3 ALD process is

shown in Fig. 4.3. Typically the ALD cycle is divided to four different

sequencies (Al2O3 used as an example):

1. First precursor gas (trimethylaluminum (TMA)) is pulsed into the re-

actor and it reacts with the surface groups and forms a saturated layer.

2. The leftover precursor and reaction by-products are purged out (with

nitrogen).

3. Second precursor gas (water) is pulsed into the reactor and it reacts

with the layer of the first precursor molecules and forms the saturated

layer (Al2O3).

4. The leftover precursor and reaction by-products are purged out. One or

partial monolayer of the target material has been formed.

One or a partial monolayer of the target material is formed after the one

ALD cycle. The thickness of the deposited material can be controlled by

the number of ALD cycles. The ALD technique is explained in detail in

many review articles and book chapters (e.g. [66–70].

Atomic layer deposited materials have been used in many commercial

applications, including surface protection of the silver [72], high-K di-

electric barrier materials in transistor [73–75], and anti-reflection coat-

ings [76]. The use of ALD has been widely studied in the literature and

other potential applications have been demonstrated. Alasaarela et al.
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1.

2.

3.

4.
Figure 4.3. Schematic diagram of the Al2O3 ALD process. [71]

have studied the use of ALD materials in optical waveguiding applica-

tions [43, 77–83]. Alasaarela et al. [79] showed that atomic layer de-

posited TiO2 can be used for reducing the propagation loss in silicon strip

and slot waveguides. In this thesis, we study completely Al2O3 filled sil-

icon slot waveguides and their losses. We also demonstrate a dual-filled

silicon slot waveguide with 50 nm thick Al2O3 and 130 nm thick TiO2

coatings. This structure forms a multiple-slot waveguide for both TE-

and TM-polarizations. Additionally, nanolaminate structures fabricated

by ALD are shown to enhance the optical properties of the film.

Four different ALD material processes are used in this thesis: TiO2, ZnO

and two different Al2O3. For Al2O3, we used both conventional TMA/water,

and TMA/ozone processes. In the TMA/water process, the growth temper-

ature is 200 ◦C and in the TMA/ozone process, the growth temperature

is 250 ◦C. The precursors in the TiO2 process are titaniumtetrachloride

(TiCl4) and H2O and the growth temperatures are 120 ◦C and 250 ◦C. Di-

ethylzinc (DEZn) and water are used as precursors for ZnO process and

the growth temperature is 200 ◦C.
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5. Characterization methods

5.1 Absorption spectroscopy

The formation of silver nanoparticles and the amount of iron ions were

studied before etching by absorption spectroscopy. A Perkin-Elmer Lamb-

da 950 spectrometer was used to measure the absorption spectra within

the range of 300 nm to 1500 nm. In the Perkin-Elmer Lambda 950 spec-

trometer, the prealigned and prefocused deuterium and tungsten lamps

were used as light sources. They provide the wide range spectrum from

175 nm to 3300 nm. The light was divided to two optical paths, another

for the studied sample and another for the reference. This gives the pos-

sibility to measure both at the same time.

5.2 Raman spectroscopy

To characterize the SERS activity of the samples, the Raman spectra and

optical microscope images were recorded by a confocal Raman microscope

(WITEC alpha 300R). The spectra were measured in a backscattering ge-

ometry using 20x (NA 0.4) and 100x (NA 0.9) microscope objectives and

an excitation laser at the wavelength of 532 nm. The Raman spectra were

recorded within the spectral range of 0-2500 cm−1 for the Raman shift,

corresponding to wavelengths in the region of 532-613.6 nm. The integra-

tion time of 1 s was used for a single Raman spectrum. The SERS spectra

were measured at different positions from the samples. For reference, flu-

orescence spectra of incubated bare glasses were measured at the same

time with other samples.
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5.3 Prism coupling measurement

Light coupling into a planar waveguide was discovered by Tien et al. [84]

in 1969. The refractive index and the thickness of the slab waveguide

can be measured by a prism coupler method [85]. The schematic of the

prism coupler is shown in Fig. 5.1. In the prism coupling method, the

power of the reflected beam is monitored as a function of the incident

angle ϕ. When light is coupled into the slab waveguide, a dip in the curve

is observed. The effective refractive index of the propagating mode can be

solved from the incident angle ϕ according to equation [85]

neff = cos ς sinϕ+ sin ς
√

n2
p − sin2 ϕ, (5.1)

where ς is the prism angle and np the refractive index of the prism. If two

or more modes are propagating in the waveguide, the refractive index and

the thickness of the film can be calculated from the Maxwell equations.

Figure 5.1. Schematic cross-section of a prism coupler measurement.

The prism coupler can be also used for waveguide loss characterization.

A multimode optical fiber measures the scattered light intensity as a func-

tion of distance. If the waveguide is assumed to be uniform over the mea-

sured area, the losses can be estimated by fitting an exponential function

[77]

f(D) = Ie−αD/4.34, (5.2)

where D is the distance from a chosen zero-point, I is the intensity at the

zero-point, and α is the loss in dB/cm from the measured loss curve.
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5.4 Powder X-ray diffraction measurement

The powder X-ray diffraction (XRD) measurement is a rapid technique to

characterize the crystallinity and the crystallite sizes in polycrystalline or

powdered materials. In the powder XRD measurement, a monochromatic

X-ray beam is collimated and directed to the studied sample. The inter-

action of the incident rays with the studied sample produces constructive

interference when the Bragg’s law, nλ = 2d sin θ, is satisfied. In Bragg’s

law, the wavelength of the radiation is related to the diffraction angle and

the lattice spacing of the crystalline sample. The diffraction directions

of the lattice are attained by scanning the sample through a range of 2θ

angles. Every material has its unique d-spacings of the lattices.

The width of the diffraction peak is related to the size of the crystallites,

according to Scherrer’s formula

τ =
κλ

ψ cos θ
, (5.3)

where τ is the size of the crystallites, ψ is the full width of the half max-

imum (FWHM) of the diffraction peak and κ (0.9) is the so-called shape

factor. Scherrer’s formula provides a lower bound for crystallite size in

horizontal direction.

5.5 Multiphoton microscopy

Second and third harmonic signals and multi-photon-absorption fluores-

cence can be measured using the multiphoton microscope shown schemat-

ically in Fig. 5.2. The excitation laser source in the system is an ampli-

fied erbium-doped mode-locked fiber laser operating at the central wave-

length of 1.55 μm [86]. The seed laser oscillator is mode-locked using a

carbon nanotube saturable absorber similar to the one reported in Ref.

87. The maximum average power of the laser is 60 mW, with a repeti-

tion rate of ∼ 50 MHz and ∼ 150 fs pulse duration at the sample surface.

The pulse peak power is estimated to be ∼ 8 kW and the pulse energy is

1.2 nJ. To produce an image, the laser beam is scanned in the xy-plane

with a 2D galvo mirror system and focused on the sample using a micro-

scope objective. The backscattered light is split into two branches using

a long-pass dichroic mirror (cut-off at 562 nm) and then detected using

photomultiplier tubes (PMTs). The multi-alkaline-based PMTs (HAMA-

MATSU H10721-20) detect light only up to a wavelength of 0.92 μm, thus
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preventing the excitation light from being detected. The paths to the two

PMTs can be equipped with different band-pass filters to analyze differ-

ent spectral windows of the backscattered signal. Specifically, we used a

520 ± 10 nm band-pass filter in order to detect third-harmonic emission

from the sample. In the other channel, a 780 ± 10 nm band-pass filter

allows detection of the second-harmonic signal generated in the sample,

while with just the dichroic long-pass filter without the 780 nm band-pass

filter, detection of fluorescence signal due to two- or three-photon excita-

tion is enabled.

Figure 5.2. Schematic of the multiphoton microscope.

5.6 Scanning electron microscopy

A Zeiss Supra 40 scanning electron microscope (SEM) was used to charac-

terize the nanowaveguide structures. In the SEM, an accelerated electron

beam is scanned over the imaged area and secondary electrons produce

the image of the sample.
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5.7 Waveguide transmission measurements

The transmission of the waveguides was measured using a superlumines-

cent light emitting diode (SLED) source with a center wavelength of 1530

nm and a bandwidth of 100 nm. With a wide band source, Fabry-Perot

resonances arising from reflections at e.g. chip facets were averaged out.

The polarization of the input light was ensured with fiber polarizers and

polarization maintaining (PM) fibers. The light was coupled into and out

from the chip using tapered PM fibers, which provide efficient coupling to

the inverse tapers on the chip. The mode size of the tapered fibers is 2

μm, defined from the measured FWHM of fiber-to-fiber coupling.

5.7.1 Cut-back technique for loss characterization

The output power P is related to the waveguide length L according to the

equation

P (L) = Pin · η · e−αL, (5.4)

where Pin is the input power, η is the loss in the setup and α is the

waveguide loss coefficient in units 1/unit length.

The cut-back measurement technique has been developed to measure

losses in optical fibers. The transmitted power has been measured from

the same fiber with different lengths. In principle, the loss coefficient

α can be calculated from the linear regression of ln(P ) as a function of

the fiber or waveguide lengths. The benefit of the cutback technique is

that the setup-related losses can be cancelled out. In the waveguide cut-

back measurement, the critical point is to get similar coupling from the

fiber to the different waveguides. With the silicon nanowaveguides, four

identical waveguides with different lengths were fabricated to reduce the

unreliabilities of the measured values.

5.7.2 Spectral measurements

The resonant properties of silicon nanostrip rings were characterized us-

ing spectral measurements. The characterization of the samples was per-

formed using a SLED source with a center wavelength of 1570 nm and a

bandwidth of 100 nm. The input polarization was controlled with a fiber

polarizer and PM fibers. The optical transmission spectra shown in this

work were collected with an optical spectrum analyzer ANDO AQ-6315A
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without output polarization control. In order to verify that the samples

do not exhibit any observable polarization rotation, the obtained resonant

features were confirmed with an output polarizer similar to the one in the

input.
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6. Results

6.1 Silver nanoparticles

6.1.1 Ag nanoparticles fabricated by Ag ion exchange and heat
treatment

Fabricated samples

Three different kinds of glass samples were studied. The first glass is

a commercial microscope slide (Menzel-Gläzer) which contains 0.021% of

Fe by weight. The second glass is a float glass with a concentration of

0.016% of Fe by weight, and the third glass is a float glass with 0.361%

Fe concentration by weight. All of these three glasses were first Ag ion-

exchanged and then annealed in the air. The sample naming is shown in

Table 6.1. For example, the sample #B2 is the 0.016% Fe float glass, which

was ion-exchanged for 6h at 300 ◦C and post-annealed for 2h at 600 ◦C.

Table 6.1. Sample naming.

Material

code

Material Process code Process

#A Microscope

slide

0 Bare glass

#B 0.016% Fe

float glass

1 Ion-exchanged

6h/300 ◦C

#C 0.361% Fe

float glass

2 Ion-exchanged

6h/300 ◦C and

annealed 2h/600 ◦C
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Absorption measurements

The absorption spectra of the two float glasses are shown in Fig. 6.1. The

absorption bands at the near infrared wavelengths are caused by iron in

a Fe2+-oxidation state. This is beneficial as Fe2+-ions are required in the

silver reduction process. The absorption at this range is much higher in

the sample #C0 than in the sample #B0 due to the higher iron concen-

tration. The absorption peaks at around 400 nm wavelength of the ion-

exchanged and post-annealed samples are caused by the silver nanopar-

ticles. We cannot see clear absorption peaks after the ion exchange before

post-annealing, therefore, the silver nanoparticles were mainly formed

during the post-annealing process. The absorption peak caused by the

silver nanoparticles is broader in the sample #C2 than in the sample

#B2 due to a higher variation of nanoparticle sizes and the aggregation

of nanoparticles.

Figure 6.1. Absorbance spectra of a) 0.016%Fe and b) 0.361%Fe containing glasses.
[Publ. I]

Optical microscopy

Optical microscope images of the samples #A2, #B2 and #C2 are shown

in Fig. 6.2. Bright spots in the optical image are aggregates of silver

nanoparticles. The density of the bright spots in the sample #A2 is higher

than in the previous study by Chen et al. [17]. The SERS signal of R6G

was detected just at some of these bright spots. We found out that high-

iron glass is more promising than microscope slides for reliable fabrication

of SERS-active substrates. The density of silver nanoparticle aggregates

is much higher in the samples #B2 and #C2 than that in the sample #A2.

The distribution of silver nanoparticles shows similarly random structure

all over the sample surface. Compared to the other samples, the silver

nanoparticles in the sample #C2 have formed larger aggregate structures.

We believe that the higher iron concentration has caused more silver re-
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duction and therefore, the silver nanoparticles have formed larger aggre-

gates.

Figure 6.2. Optical microscope images of a) the sample #A2 etched to 2 μm, b) the sample
#B2 etched to 1.75 μm, and c) the sample #C2 etched to 1.75 μm. [Publ. I]

Scanning electron microscopy

Scanning electron microscope (SEM) images of the samples #B2 and #C2

etched to 1.75 μm are shown in Fig. 6.3. From Fig. 6.3a and 6.3c it can

be seen that silver nanoparticles have formed into clusters that resemble

the fractal clusters of silver nanoparticles shown in [6]. In the sample

#B2, the silver nanoparticles have formed aggregate chains. We believe

that these aggregates in the samples #B2 and #C2 are still formed by

small (5-10 nm) silver nanoparticles, although individual particles cannot

be resolved due to the charging effect of the SEM. In the sample #C2, the

silver nanoparticles have formed even larger clusters than in the sample

#B2. From Fig. 6.3d it can be seen that the surface of the clusters is

rough, likely due to small clustered silver nanoparticles.

The SEM image of the tilted sample #B2 is presented in Fig. 6.4. It

shows how the nanoparticles have grown together and formed quite thick

layer of nanoparticle aggregates. We believe that these nanoparticle ag-

gregates are not grown together just in horizontal but also in vertical di-

mension forming a 3D structure of silver nanoparticles. So, after etching,

not only the particles originally formed at the etched depth are exposed

at the surface, but also connected particle chains from shallower depths

remain there.

Raman spectroscopy

The SERS and fluorescence spectra (1 μM R6G) of the incubated samples

are shown in Fig. 6.5. From the sample #A2 etched to 2 μm, the SERS

signal could be detected only on the certain points (bright spots in the

microscope images) and the SERS peaks of the R6G are much weaker

than from the samples #B2 and #C2. The SERS signal of R6G could be

measured all over the samples #B2 and #C2 without the need to focus on
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Figure 6.3. SEM images of a) and b) the sample #B2, and c) and d) the sample #C2. [Publ.
I]

any particular position. This is a useful property in practical applications

of SERS-active substrates.

We estimated the enhancement factor (EF) using the formula 2.4. The

EFs of the different samples are shown in Table 6.2. The highest enhance-

ments of the SERS signal were measured from the sample #C2 etched to

1.75 μm. The enhancement in the float glass samples is ten times higher

than in the microscope slide. The reason for this is assumed to be related

to the amount of silver nanoparticles and also the form of the aggregates.

Comparing samples #C2 and #B2, an interesting observation is that while

a higher concentration of iron yields a significantly higher surface density

of silver nanoparticle aggregates, only a relatively moderate increase of

EF is observed. According to Stockman et al. [21], the fractal clusters

of silver nanoparticles can have hot spots where the field enhancement
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Figure 6.4. SEM image of the tilted sample #B2.

Figure 6.5. SERS spectra of 1 μM R6G measured with a 100x objective from a) the sam-
ple #A2 etched to 2 μm, b) the sample #B2 etched to 1.75 μm, and c) the
sample #C2 etched to 1.75 μm. [Publ. I]

is extremely high. Sharp peaks in the shape of nanoparticles and nar-

row gaps between particles are proposed to cause this high enhancement

which is crucial for SERS. The SEM images of aggregates of our high-iron

glass samples show resemblance to such fractal structures. We believe

that both of the samples #B2 and #C2 contain these hot spots and there-

fore there is no big difference between the enhancement factors of the

samples.

Table 6.2. EFs of the different samples measured with 20x and 100x objectives.

Sample The EF with a 100x objective The EF with a 20x objective

#A2 1 · 108 −
#B2 1 · 109 0.3 · 109
#C2 1.4 · 109 0.6 · 109
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Table 6.3. Sample naming.

Sample Ag+ ion

exchange

Evaporation

of Al-layer

K+ ion ex-

change

Annealed in

the air

#1 300 ◦C/6h 100 nm 400 ◦C/2h -

#2 300 ◦C/6h 100 nm - 400 ◦C/2h

#3 300 ◦C/6h - 400 ◦C/2h -

6.1.2 Ag nanoparticles fabricated by two-step ion exchange

Fabricated samples

Three Corning 0211 glass samples were first Ag+ ion-exchanged and then

treated with different processes. The sample #1 was covered with a 100

nm thick Al layer and dipped into a KNO3 salt at 400 ◦C for 2 hours to pro-

mote the formation of particles. For studying the formation of nanopar-

ticles, two additional samples were fabricated: i) annealed in the air at

400 ◦C for 2 hours with the Al layer (sample #2) and ii) K+ ion-exchanged

at 400 ◦C for 2 hours without the Al layer (sample #3). Table 6.3 shows

the processing details of these three samples.

More Ag nanoparticles are formed by immersing the sample into a KNO3

salt (the sample #1) than by just annealing it in air at 400 ◦C (the sample

#2). This is due to an ionic current of Ag+ caused by the electrical po-

tential differences among the salt melt, the glass and the Al layer as dis-

cussed in Section 4.1.2. For the sample #2, the reduction of Ag nanopar-

ticles happens only because of the galvanic replacement reaction. This

process will slow down or even stop when the system reaches equilibrium.

For the sample K+ ion-exchanged with the Al layer (the sample #1), there

is an additional Ag+ ion flow from the deeper depth of glass towards the

glass/Al layer interface. This current can keep flowing because the Ag+

lost in glass can be compensated by new ions such as K+ from the salt

melt. This provides more Ag+ ions near the glass/Al layer interface and

therefore, enhances the formation of Ag nanoparticles. The sample #3

just confirms that the K+ ion exchange itself is not causing the reduction

of Ag+.

Absorption measurements

The absorption spectra of the samples #1, #2 and #3 are presented in

Fig. 6.6. Clear absorption peaks around the wavelength of 400 nm are

observed from the samples #1 and #2 but the absorption peak in the sam-
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ple #1 is much stronger than in the sample #2. This concludes that the

sample #1 contains more Ag nanoparticles than the sample #2. We did

not observe an absorption peak from the sample #3 which confirm that

silver nanoparticles are not reduced to metallic form due to the K+ ion

exchange. The absorption peak position at 400 nm and the transmission

electron micrograph (TEM) in Publication II propose that the average size

of the nanoparticles is about 10 nm. The narrow shape of the absorption

spectrum indicates that the Ag nanoparticle size distribution is quite nar-

row.

Figure 6.6. Absorbance spectra of the samples #1, #2 and #3. [Publ. II]

Raman spectroscopy

The Raman spectra of R6G measured from three different depths of the

sample #1 are shown in Fig. 6.7. The fluorescence backgrounds have been

subtracted from the spectra. The highest Raman peaks were obtained at

the depth of 220 nm. The Raman signal from the depth of 110 nm was

almost as strong as from the depth of 220 nm. The Raman signal from

the depth of 55 nm was much weaker than from the other depths due

to the smaller surface density of silver nanoparticles at this depth. The

enhancement factors for 110 and 220 nm depths are in the level of 10−9.

Patterned sample

A camera and microscope images of the patterned Ag nanoparticle sample

are presented in Fig. 6.8. The benefit of the two-step ion exchange pro-

cess is the possibility to pattern Ag nanoparticle areas using a patterned

aluminum layer. The aluminum layer was patterned using optical lithog-

raphy. The sample was Ag+ ion-exchanged with the patterned aluminum

layer. Thus, the Ag+ ions are diffused just to the areas which are not cov-

ered with the aluminum layer. After the Ag+ ion exchange, the sample
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Figure 6.7. Raman signals of R6G from the sample #1 with three different etching
depths. [Publ. II]

was covered with an aluminum layer and the sample was ion-exchanged

in potassium nitrate salt melt. Therefore, the nanoparticles were formed

into the glass during the K+ ion exchange just in the Ag+ ion-exchanged

areas. The microscope image of silver nanoparticle aggregates from the

two-step ion-exchanged sample look quite similar as from the the sample

#B2.

Figure 6.8. a) Image of the patterned Ag nanoparticle sample, b) 5x and c) 50x magnifi-
cation optical microscope image of patterned Ag nanoparticle structures.

6.2 ALD grown nanolaminates

6.2.1 Nanolaminate structures and optical properties

ZnO/Al2O3 nanolaminates

Four ZnO/Al2O3 nanolaminate samples and one plain ZnO film were pre-

pared by a Beneq TFS 500 ALD system on Corning 0211 glass substrates.

The schematic diagram of the nanolaminate structure is shown in Fig.

6.9. The ZnO/Al2O3 nanolaminates consist of alternating layers of ZnO

and Al2O3. The thickness of each layer is defined by the number of ALD
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Table 6.4. ZnO/Al2O3 nanolaminate sample naming.

Sample name Number of

AZO cycles

An AZO cycle consists of

- - Number of

Al2O3 cycles

Number of

ZnO cycles

AZO1 100 10 25

AZO2 50 10 50

AZO3 33 10 75

AZO4 25 10 100

ZNO 1 0 2500

cycles. We kept the total number of ZnO growth cycles constant in all

samples to have the equal amounts of ZnO. Since the number of Al2O3 and

ZnO layers varies, the number of cycles in each ZnO layer was changed

from 25 to 100 depending on the sample (see table 6.4). All Al2O3 layers

in the nanolaminates were formed with 10 ALD cycles (thickness of about

1.1 nm). Diethyl zinc (DEZn) and H2O acted as precursors for ZnO and

trimethyl aluminum (TMA) and H2O for Al2O3 [88]. The growth temper-

ature was 200 ◦C. Sample naming is presented in Table 6.4.

Figure 6.9. Schematic diagram of the nanolaminate structure.

The effective refractive index and the total thickness of each sample

were measured using a prism coupler at the wavelengths of 532 nm, 633

nm and 1551 nm. The measured effective refractive indices are shown in

Fig. 6.10. The results of the measurement at 633 nm are shown in Ta-

ble 6.5. The estimated total and layer thicknesses of ZnO and Al2O3 in

nanolaminates are also shown in Table 6.5. They are calculated from the

measured effective refractive indices using the equation th =
(N2−n2

l )

(n2
h−n2

l )
ttot,

where th, tl, nh and nl are high-index (ZnO, nh = 1.99) and low-index

(Al2O3, nl = 1.63) materials’ thicknesses and refractive indices, and ttot

and N are the nanolaminate thickness and effective refractive index, re-
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Table 6.5. Properties of the nanolaminate samples.

Sample Effective

refrac-

tive

index N

Total

thick-

ness ttot

(nm)

Estimated

total ZnO

thickness in

nanolaminate

(nm)

Estimated

total Al2O3

thickness in

nanolaminate

(nm)

AZO1 1.87 516.7 339.9 176.8

AZO2 1.92 494.9 388.6 106.2

AZO3 1.93 478.9 398.0 80.9

AZO4 1.95 486.1 424.0 62.1

ZNO 1.99 501.4 501.4 0

spectively [89]. Here we assume that the refractive index of ZnO is con-

stant regardless of the layer thickness.

Figure 6.10. Measured refractive indices of the films at the wavelengths of 532 nm, 633
nm and 1551 nm. [Publ. III]

We measured the linear absorbance of our samples using an untreated

Corning 0211 glass as a reference. The obtained spectra are presented in

Fig. 6.11a. For the ZnO sample, a sharp absorption edge is observed

at the wavelength 375 nm, corresponding to the bandgap of ZnO. For

the nanolaminate samples, the absorbance below the absorption edge de-

creases with decreasing amount of ZnO. The absorbance data at the wave-

length of 350 nm (shown in Fig. 6.11b) agrees well with our estimations

(Table 6.5) of the total amount of ZnO in the samples.

TiO2/Al2O3 nanolaminates

TiO2/Al2O3 nanolaminates were fabricated using TiCl4+H2O and TMA+

O3 ALD processes at the growth temperature of 250 ◦C. The growth rate

of the TMA + O3 process is reported to be between 0.09 to 0.11 nm/cycle

[90, 91]. Therefore, the Al2O3 layer thickness is estimated to be about 1
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Figure 6.11. a) Measured absorption spectra of the films [Publ. III.], and b) absorption
at 350 nm as a function of the estimated amount of ZnO.

Table 6.6. TiO2/Al2O3 nanolaminate sample naming.

Sample

name

Number of

TiO2 + Al2O3

cycles

An TiO2 + Al2O3 cycle consists of

- - Number of TiO2

cycles

Number of Al2O3

cycles

S0 1 4000 0

S1 40 100 11

S2 20 200 11

S3 15 267 11

S4 10 400 11

nm. Fabricated samples are presented in Table 6.6. The structure of these

samples is very similar than the one of ZnO/Al2O3 nanolaminates.

Propagation losses of the TiO2/Al2O3 nanolaminates and the TiO2 ref-

erence sample were estimated using the loss measurement feature of the

prism coupler at the wavelengths of 633 and 1551 nm. The measured

losses are presented in Table 6.7. The loss values are decreasing when the

TiO2 sublayer thickness decreases. The lowest value, 0.2 dB/mm at both

wavelengths, was measured from the sample S1. Higher loss values at

the wavelength of 633 nm can be explained by higher scattering from the

small crystals. In Rayleigh scattering, a scattering intensity is inversely

proportional to the fourth power of the wavelength. Therefore, the scat-

tering from the small particles (crystals in this case) is increasing when

the wavelength is decreasing. The loss value of 2 dB/cm is very promising

for the waveguiding applications. The loss of the amorphous ALD TiO2

grown at 120 ◦C has been reported to be less than 1 dB/cm. However, the

nanolaminate structure is much more stable thermally than the low tem-

perature TiO2.
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Table 6.7. Estimated loss values of TiO2/Al2O3 nanolaminates.

Sample Loss at 633 nm [dB/mm] Loss at 1551 nm [dB/mm]

S0 very high very high

S1 0.2± 0.1 0.2± 0.1

S2 0.6± 0.1 0.2± 0.1

S3 very high 0.8± 0.1

S4 very high 1.0± 0.2

6.2.2 Crystal structure

ZnO/Al2O3 nanolaminates

In order to characterize the crystal structure and the size of the crystal-

lites in the ZnO layers, powder X-ray diffraction (XRD) experiments using

Cu K−α radiation were carried out. The measured XRD curves are shown

in Fig. 6.12a. Diffraction peaks are located at positions 31.8 ◦, 34.4 ◦, 56.6 ◦

and 66.4 ◦. These peaks can be attributed to different lattice planes using

Bragg’s law. The crystal structure of ZnO is typically hexagonal wurtzite.

In a hexagonal wurtzite crystal, the distance between lattice planes is

given by

d = [
4

3a2
(h2 + k2 + hk) +

l2

c2
](−1/2), (6.1)

where h, k and l are the indices of the crystal plane and a and c are the

lattice constants for different directions (for ZnO a = 3.25 Å and c = 5.2 Å).

The diffraction peaks at 31.8 ◦, 34.4 ◦, 56.6 ◦ and 66.4 ◦ correspond to (100),

(002), (110) and (200) crystal planes, respectively. The peak at 31.8 ◦ comes

from a-direction oriented crystals and the peak at 34.4 ◦ from c-direction

oriented crystals [92, 93]. These results indicate c-direction oriented ZnO

crystals in the beginning of the growth, but for the thicker films the a-

direction oriented growth begins to dominate. ZnO, grown using ALD

at 200 ◦C with the same precursors, has been earlier reported to be a-

direction oriented [92].

Crystallite sizes estimated using Eq. 5.3 are presented in Fig. 6.12b.

These results show that an approximately 2 nm thick amorphous Al2O3

layer between ZnO layers terminates the ZnO crystal growth and affects

the size of the crystallites in the nanolaminates.

The top view scanning electron micrographs are presented in Fig. 6.13.

In the ZNO sample, the crystals are very large compared to the AZO sam-
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Figure 6.12. a) Measured powder XRD curves and b) calculated crystallite sizes of the
films. [Publ. III]

ples and their shape is more like elongated than spherical as is the case

with the AZO films. The crystal size clearly increases from AZO1 to AZO4

as the XRD results suggest. However, the smallest crystals seem larger

than the lower bound estimated from the XRD peak width.

Figure 6.13. Top view scanning electron micrographs of the samples. [Publ. III]

TiO2/Al2O3 nanolaminates

In order to characterize the crystal structure and the size of the crystal-

lites in the TiO2/Al2O3 nanolaminates, similar powder XRD experiments

were carried out. Measured XRD curves of the TiO2/Al2O3 nanolaminates

are shown Fig. 6.14. Diffraction peaks are located at the positions 25.3 ◦,

48.0 ◦, and 55.1 ◦, which correspond to (101), (200), and (211) planes of

anatase TiO2, respectively. These results indicate that the grown TiO2 is

in the anatase phase in samples S0, S3, and S4. The samples S1, and S2

do not show visible peaks in the XRD suggesting the amorphous phase.
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Figure 6.14. Powder XRD data from the strongest (101) anatase peak of a) S0, b) S4, c)
S3, d) S2, and e) S1. Measured powder XRD curve of S0 is shown in the
inset. [Publ. IV]

6.2.3 Third-order optical nonlinearity

ZnO/Al2O3 nanolaminates

The third-order optical nonlinearity of the nanolaminates was charac-

terized using a multiphoton microscope. The third harmonic generation

(THG) signal as a function of crystallite size is plotted in Fig. 6.15a. The

figure shows that the THG signal increases almost linearly as the crystal-

lite size decreases. We assume that the THG is mainly from ZnO because

the third-order optical nonlinearity coefficient χ(3) of Al2O3 has been re-

ported to be about 20 times less than in ZnO [94]. AZO1 sample generates

13 times more THG signal than plain ZnO sample. THG is proportional to

(V ·χ(3))2 where χ(3) is the third-order optical nonlinearity coefficient and

V is the material volume. The estimated χ(3) of the nanolaminate samples

normalized to ZnO film are presented in Fig. 6.15c. We also measured

THG signal from Corning 0211 glass as a reference and the value was

2.26. Therefore, the THG signal from the nanolaminate with the smallest

crystals is about 200 times stronger than from glass. It is well-known that

interfaces can enhance third harmonic yield [95]. To study whether inter-

face effects are causing a dominant contribution to the observed THG, we

have plotted the THG signal as a function of the number of nanolaminate

interfaces in Fig. 3b. It can be seen that the THG signal increases with

the number of interfaces but starts to saturate at the largest number of
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Table 6.8. Thickness and THG signal of TiO2/Al2O3 nanolaminates.

Sample Thickness (nm) THG signal (normalized to S0)

S0 203± 10 1± 0.08

S1 195± 2 0.46± 0.08

S2 183± 2 0.66± 0.08

S3 173± 2 0.76± 0.08

S4 168± 2 0.80± 0.08

interfaces, which is correspondingly the smallest crystal size. Previous

studies report a decrease in the third-order optical nonlinearity as the

crystal size decreases [96, 97]. Therefore, the saturation of the enhance-

ment is believed to be due to the decrease of the crystal size. Moreover,

the XRD peak width suggests a smaller crystal size than seen in the SEM

images. Therefore, the crystal quality of the smallest crystals is probably

decreased, which can also affect the film’s nonlinearity.

Figure 6.15. THG as a function of a) the ZnO crystallite size, b) the number of interfaces
and c) χ(3) calculated from the THG signal. The inset in a) shows the 50x50
μm2 THG signal image from the sample AZO1. [Publ. III]

TiO2/Al2O3 nanolaminates

Thicknesses of the samples and the measured THG signals are presented

in Table 6.8. Thicknesses are estimated using a spectral transmission

measurement. The highest THG signal was observed from the crystalline

TiO2 reference sample. The highest THG signal measured from the

TiO2/Al2O3 nanolaminates was from the sample S4 which has the largest

crystals and the smallest number of interfaces. We believe that this is due

to the larger amount of anatase TiO2. The sample S2 seems to be the best

trade-off having almost two thirds of the THG signal compared to S0, but

still having low losses at the wavelength of 1551 nm (2 dB/cm).
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6.3 Silicon nanowaveguides

6.3.1 Chip design and fabrication

For the 248 nm deep-UV lithography process used in this work, the line-

widths are limited to about 200 nm. We designed slot waveguides with

three different rail widths of 220, 200 and 180 nm and four different slot

widths of 160, 180, 200 and 220 nm in such way that we had 9 different

waveguide geometries altogether. The waveguides were designed in a pa-

per clip shape so that for each geometry there are four different lengths of

slot waveguide sections (1, 4, 7 and 10 mm). All the bends are strip waveg-

uides with a 25 μm bending radius and one waveguide consists five adia-

batic 20 μm long strip-to-slot and slot-to-strip waveguide couplers (shown

in Fig. 6.16). Because only the length of the slot waveguide parts is chang-

ing, we were able to carry out cut-back like loss measurement.

Inverted strip waveguide tapers covered with 2 μm thick plasma en-

hanced chemical vapor deposition (PECVD) deposited SiO2 are working

as input and output couplers. The strip width at the coupling facet is 180

nm to match the 2.5 μm diameter mode-field of a tapered fiber. Then it is

tapered up to 400 nm within 200 μm. The chip facets were deep trench

etched to get a smooth waveguide end. We observed in Publication V that

the silicon rails were over etched by 20 nm on each side during the waveg-

uide fabrication process. Therefore, the fabricated waveguide geometries

differ from the designed structures. In the rest of the thesis, we use these

estimated waveguide dimensions.

Figure 6.16. SEM image of the strip-to-slot waveguide coupler.

Fig. 6.17 shows the cross-sectional SEM image of the silicon slot waveg-

uide covered with a 45 nm thick TiO2 layer.
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Figure 6.17. SEM image of the cross-section of Si slot waveguide covered with 45 nm
TiO2 layer.

6.3.2 Al2O3 filled slot waveguides

Silicon slot waveguides were covered by an ALD grown 166 nm thick

Al2O3 layer. 166 nm thickness was chosen to ensure that all of the slots

are fully filled with Al2O3. The effective indices of the Al2O3 filled slot

waveguides are shown in Table 6.9.

Losses

Table 6.9 shows the propagation loss in the waveguides with different

geometries. The lowest loss figures were in the order of 4 to 5 dB/cm.

This value is among the lowest reported for silicon slot waveguides. To

our knowledge, the lowest reported loss for silicon slot waveguides is in

the order of 2 dB/cm [98]. However, this loss figure was achieved with a

rather complicated multi-mask process, resulting in an asymmetric struc-

ture due to an inevitable small misalignment, and therefore a reduced

optical confinement in the slot. Also, the thermal oxidation used in the

smoothening of the slot can be a thermal budget issue for some applica-

tions. In our work, the waveguides were fabricated at low temperature

with a single mask process.

The waveguide loss, particularly in high-index-contrast waveguides, is

extremely sensitive to surface roughness. Therefore, the low loss figure is

an indication of a very high patterning quality. Other critical factors in

waveguide losses are the material loss and, in the case of SOI waveguides,

the substrate leakage [99]. The recent improvement of high Q factors

in silicon nanobeam cavities [100] is an indication of a very high optical

quality of the ALD grown Al2O3, and this study is a further confirmation
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Table 6.9. Calculated neff , γ and measured loss values for silicon slot waveguides cove-
red with 166 nm of Al2O3.

wr (nm) ws (nm) neff γ (/W/m) Loss (dB/cm) for TE-mode

180 260 1.61 7.43 5.7± 0.3

180 240 1.62 8.02 5.2± 0.3

180 220 1.63 8.73 4.7± 0.05

180 200 1.64 10.52 5.6± 2.0

160 260 1.56 4.34 3.9± 1.1

160 240 1.57 5.31 6.9± 0.8

160 220 1.57 5.86 8.8± 0.8

140 240 1.52 2.87 5.5± 0.4

140 220 1.53 3.22 15.6*

on that. The refractive index of the Al2O3 coating is also high enough

to provide sufficiently high effective index for the waveguide, preventing

substrate leakage. The increased loss with the narrowest rails probably

arises from substrate leakage. This may be because the rails are nar-

rower than designed, and the effective index of the waveguide is therefore

reduced.

Third-order optical nonlinearity

Table 6.9 shows calculated nonlinearities for Al2O3 filled slot waveguides.

For nonlinear refractive index n2, we used values 4.5 · 10−18m2/W for sil-

icon [101], 2.6 · 10−20m2/W for silica [101], and 2.8 · 10−20m2/W for Al2O3

[102]. The lowest simulated γ was 2.87 for the Al2O3 filled slot waveg-

uide with wr = 140 nm and ws = 240 nm. For comparison, the single slot

waveguide presented in Ref. 101 has γ = 16.61, the more complicated dou-

ble slot waveguide has a calculated γ = 6.77, and a silicon strip waveguide

has γ = 233. So the Al2O3 filled slot waveguides are very promising for

the applications recuiring low third-order optical nonlinearity.

6.3.3 Dual-filled slot waveguides

Structure and mode-field simulations

The dual-filled waveguide structures (schematically shown in Fig. 6.18)

were fabricated growing first a 45 nm thick ALD Al2O3 layer upon the

silicon slot waveguide and then covering the whole structure with a 130

nm thick ALD TiO2 layer. Four different waveguide geometries (listed in
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Table 6.10) were studied.

Figure 6.18. Schematic diagram of the dual-filled silicon slot waveguide structure. [Publ.
VI]

A lateral electric field Ex distribution of the fundamental TE mode in

a dual-filled slot waveguide with 180 nm rail and 240 nm slot widths is

presented in Fig. 6.19a. The cross-section of the Ex field is shown in Fig.

6.19b. The highest field is located in the vertical parts of the alumina

layer in such a way that the alumina layer is forming four vertical slots.

A vertical electric field Ey distribution of the fundamental TM mode in

a dual-filled slot waveguide with 180 nm rail and 240 nm slot widths is

presented in Fig. 6.20a. The cross-section of the Ey field is shown in Fig.

6.20b. The highest electric field is located in the alumina layer on top of

the silicon rails.

Figure 6.19. a) 2D plot of the Ex field for TE-mode in a dual-filled slot waveguide with
180 nm rail and 240 nm slot widths. b) The cross-section of Ex field taken
from the black line position in a). [Publ. VI]

The simulated effective refractive indices of the dual-filled slot wave-

guides for both polarizations are presented in Table 6.10. The effective

refractive index neff for the TE-mode is between 1.841 and 1.887 and for

the TM-mode from 1.727 to 1.756, depending on the rail and slot widths.

The effective refractive index for the TE-mode is higher than for the TM-

mode because more light is confined to high-index materials.
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Figure 6.20. a) 2D plot of the Ey field for TM-mode in a dual-filled slot waveguide with
180 nm rail and 240 nm slot widths. b) The cross-section of Ey field taken
from the black line position on a). [Publ. VI]

Table 6.10. Simulated refractive indices of TE- and TM-modes in dual-filled slot wave-
guides.

wr (nm) ws (nm) neff for TE-mode neff for TM-mode

180 260 1.887 1.754

180 240 1.887 1.756

160 240 1.844 1.727

160 220 1.841 1.729

Cross-sectional SEM

To observe the cross-section of the dual-filled slot waveguide, the wafer

was cleaved to expose the end-facet of the structure, and the end-facet

was polished by a focused ion beam (FIB) to improve the quality of the

cross-section. An image of a cross-section of a dual-filled slot waveguide

structure was taken by an SEM column in the FIB system. The SEM

image is shown in Fig. 6.21. A 50 nm thick Al2O3 layer is upon the slot

waveguide structure and it is covered with 130 nm thick TiO2 layer. Upon

the TiO2 layer is a platinum layer, which was locally deposited by the FIB

to protect the sample surface during the polishing procedure. The slot is

completely filled with ALD materials due to the excellent conformality of

the ALD process. Even the voids below the silicon rails are filled with

ALD grown Al2O3. The underlying SiO2 is curved due to the combined

effects of the non-conformal PECVD top oxide cladding and the isotropic

wet etch process used to open windows for ALD deposition on selected

regions on the wafer.

Losses

The results of the cut-back measurements are presented in Fig. 6.22. The

transmitted powers are plotted as a function of the waveguide length and

the straight lines are least-squares fits to the measured values. Table
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Figure 6.21. Cross-sectional SEM image of a dual-filled slot waveguide structure. [Publ.
VI]

Table 6.11. Measured propagation losses of TE- and TM-modes in dual-filled slot wave-
guides.

wr (nm) ws (nm) Loss (dB/cm)

for TE-mode

Loss (dB/cm)

for TM-mode

180 260 14.4± 1.6 10.5± 1.5

180 240 7.8± 0.22 4.0± 0.16

160 240 9.0± 0.06 4.6± 0.26

160 220 10.5± 1.4 6.4± 1.3

6.11 shows the measured propagation losses of TE- and TM-modes in the

dual-filled slot waveguides with different design dimensions.

The lowest loss values of the dual-filled slot waveguides are in the order

of 8 dB/cm for the TE-mode and 4 dB/cm for the TM-mode. The losses

for the TE-mode are somewhat higher than in the alumina filled single-

slot waveguides [Publ. V]. This is an expected result, because multiple-

slot waveguides inevitably have additional high-index-contrast interfaces

near the mode field maxima. Our loss values for both polarizations are

much lower compared to the values published in Ref. 103. Smooth inter-

faces near the intensity maxima are essential for this result. The loss dif-

ference between TE- and TM-modes is about 4 dB/cm in each waveguide.

This is due to the different amount of high-index-contrast interfaces and

also due to the etching roughness of silicon on the vertical side walls. In

our waveguides, the conformal growth significantly reduces the roughness

of the critical Al2O3 − TiO2 interface, and enables relatively low losses.
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Figure 6.22. Transmitted power as a function of the waveguide length for a) TE-
polarization and b) TM-polarization. [Publ. VI]

6.3.4 Nanostrip waveguide ring resonators

Design

The ring resonators had a radius of 50 μm and a waveguide width of 460

nm. The whole chip area was first covered with 2 μm of PECVD SiO2,

and then the ring resonator parts were completely exposed to ambient

by a highly selective SiO2 etching (shown in Fig. 6.23). Such a design

enables the deposition on the ring parts, leaving the rest of the waveguide

parts intact. The ring resonators were covered with different thicknesses

of ALD TiO2 film. The ALD TiO2 films were fabricated with the titanium

tetrachloride TiCl4/H2O process at 120 ◦C.

Figure 6.23. Scanning electron micrograph of the silicon nanostrip waveguide ring res-
onator taken with an angle of 52 degrees with respect to the normal of the
surface. [Publ. VII]

Polarization independency

In Publ. VII, we demonstrated the potential to control the FSR of the two

orthogonal polarizations by tuning the TiO2 overlayer. Fig. 6.24 shows

how the wavelength dependence of the FSR is drastically modified by in-

creasing the TiO2 overlayer thickness. The effect is particularly intense

for the TM polarised mode since its profile experiences a strong influence

from the change in surrounding material. The dispersion properties of the

deposited TiO2 govern the wavelength dependence of neff and, as given by
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the Eq. 3.21, and promote the corresponding FSR shift. Thus, when the

TiO2 thickness is 100 nm (Fig. 6.24c), both the absolute values and the

slopes of the FSRs for TE and TM fundamental modes start to coincide

remarkably. Finally, as the thickness achieves 150 nm (Fig. 6.24d, the

peak-to-peak spacings of the two polarizations exhibit a good alignment

with each other across the broad bandwidth.

Figure 6.24. Wavelength dependence of the FSR for the two input polarizations: blue -
TE, red - TM. Solid lines have been fitted to the experimental data (dots).
The plots correspond to the following thicknesses of TiO2 overlayer: (a) 0
nm, (b) 50 nm, (c) 100 nm, and (d) 150 nm. [Publ. VII]

In order to illustrate the peak-to-peak spacing for the TE and the TM

input polarizations, the transmission spectra of the ring resonator with

a 150 nm thick TiO2 overlayer (taken with a tunable laser with a 20 pm

resolution and a manual polarization controller) is presented in Fig. 6.25.

As can be seen from that figure, the dips in the spectra are very near to

each other for both polarizations and the FSRs are staying same over this

spectral range.
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Figure 6.25. Transmission spectra of the ring resonator with the 300 nm gap and the
150 nm thick TiO2 overlayer. Input polarizations are: blue - TE, red - TM.
[Publ. VII]
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7. Summary and outlook

This thesis focuses on light interaction with different kinds of nanostruc-

tures, namely silver nanoparticles, ZnO/Al2O3 and TiO2/Al2O3 nanolam-

inates, and silicon nanostrip and slot waveguides. We introduce two dif-

ferent fabrication techniques for surface-enhanced Raman scattering sub-

strates. One is a typical Ag+ ion exchange with a heat treatment using

high-iron glass and another is a two-step ion exchange using high quality

Corning 0211 glass. In the two-step ion exchange, Ag+ ions are intro-

duced into glass by a conventional Ag+ ion exchange but the reduction

process happens in a KNO3 salt melt with an Al layer. Both of these tech-

niques showed excellent SERS substrate performances and they are also

cost-efficient. Large scale manufacturing is easy to implement.

ZnO/Al2O3 nanolaminates fabricated by ALD illustrate that nanostruc-

tures can have improved properties compared to the bulk materials. In

this thesis, third-order optical nonlinearity is enhanced using nanome-

ter scale thick Al2O3 intermediate layers between the ZnO layers in the

nanolaminate. The thin Al2O3 layer prevents the crystal growth of ZnO

and therefore gives the possibility to control the crystal structure of the

material. The same technique was used to control the crystallinity of

TiO2. Slab waveguide propagation losses can be decreased by control-

ling the crystal sizes of TiO2 using about 1 nm thick intermediate Al2O3

layers. The propagation loss value as low as 2 dB/cm was achieved in

the slab waveguide of TiO2/Al2O3 nanolaminates with the thinnest TiO2

layers.

Silicon slot waveguides were used to confine electric field to a low index

material in the slot. We showed that ALD-Al2O3 filled slot waveguides

have low optical losses and proposed their application for low-nonlinearity

waveguides. This was the first time when ALD has been used to fully fill

the silicon slot waveguides. The propagation losses as low as 4 dB/cm

55



Summary and outlook

were achieved. We also demonstrated the multiple-slot waveguide ge-

ometry using dual atomic layer deposited films on top of the silicon slot

waveguide. First a 50 nm thick ALD-Al2O3 layer was deposited and then

this was covered with a 130 nm thick ALD-TiO2. The losses of this mul-

tiple slot waveguide structure were as low as 8 dB/cm for TE-polarization

and 4 dB/cm for TM-polarization. This structure forms a slot waveguide

for both polarizations.

ALD-TiO2 cover layers can be also used for modifying the resonant prop-

erties of silicon strip waveguide ring resonators. The broadband polari-

zation-independent operation was achieved by covering the silicon strip

waveguide ring resonator by a 150 nm thick ALD-TiO2 layer.

An attractive property of the SERS substrates fabricated by ion ex-

change methods is the possibility to integrate them with ion-exchanged

waveguides enabling the fabrication of the lab-on-chip devices. Both waveg-

uides and silver nanoparticles could be fabricated using same fabrica-

tion processes. The fabrication of lab-on-chip device would be an inter-

esting topic of further studies. The goal behind the fabrication of ALD

nanolaminates was to find highly nonlinear material with low propaga-

tion losses and possibility to integrate it with existing silicon slot waveg-

uides. TiO2/Al2O3 nanolaminates showed suitable performances in terms

of propagation loss and nonlinearity and our studies in Publications V and

VI showed the excellence of the ALD in filling the silicon slot waveguides.

Therefore, the next research step would be to grow these nanolaminate

structures into the silicon slot waveguide and characterize the nonlinear

properties of them. Another research direction is to continue the nonlin-

earity studies for different ALD materials and nanolaminates.
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