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SANTRAUKA 

Metalų (pavyzdžiui, vario ir sidabro) nanodalelės, pasižyminčios 

plazmoninėmis savybėmis, pritraukia daug dėmesio dėl pritaikymo optiniuose 

(pavyzdžiui, lūžio rodiklio) jutikliuose. Nanodalelių optinis atsakas priklauso nuo jų 

dydžio ir formos. Aplinka taip pat turi įtakos dalelėms: ore esantys elementai gali 

reaguoti su metalais ir pakeisti jų savybes. Todėl būtina daleles apsaugoti nuo 

nepageidaujamo aplinkos poveikio, bet tuo pačiu išlaikyti jų pageidautinas 

plazmonines savybes. Tam nanodalelės gali būti įterpiamos į kitos medžiagos 

matricą. Papildomai optinės savybės gali būti keičiamos ir jutiklių jautrumas 

padidinamas medžiagoje suformuojant periodines struktūras. 

Šioje disertacijoje pateikiamas vario ir sidabro nanodalelių ir deimanto tipo 

anglies matricos nanokompozitų sisteminis tyrimas. Skirtingų metalo koncentracijų 

nanokompozitai buvo nusodinti nesubalansuoto reaktyviojo magnetroninio 

dulkinimo metodu. Pralaidumo elektronų mikroskopu buvo ištirtas dangų 

sluoksniavimasis. Skenuojantis elektronų ir helio jonų mikroskopai buvo naudojami 

nustatyti nanodalelių dydžius nanokompozituose. Ramano spektroskopija buvo 

panaudota tiriant deimanto tipo anglies matricos savybes ir paviršiuje stiprinamos 

Ramano sklaidos efektą. Rentgeno spindulių atspindžio metodu buvo nustatytas 

dangų tankis. Spektroskopinės elipsometrijos metodu buvo nustatytos dangų optinės 

savybės. Tiek Rentgeno spindulių atspindžio, tiek spektroskopinės elipsometrijos 

modeliai, naudojami teorinių kreivių sutapdinimui su eksperimentinėmis, atskleidžia 

sluoksniuotą nanokompozitinių dangų struktūrą. 

Ištyrus nanokompozitines dangas, deimanto tipo anglyje su sidabro 

nanodalelėmis dangose buvo suformuotos vienmatės periodinės struktūros. 

Lazerinio interferencinio struktūrizavimo galimybės buvo išbandytos modeliuojant 

ir realizuojant struktūras nuolatinės veikos lazeriu holografinės litografijos metodu 

fotorezisto sluoksnyje. Struktūra nanokompozite buvo suformuota femtosekundiniu 

lazeriu tiesioginio lazerinio interferencinio struktūrizavimo metodu. 

Nanokompozitams su sidabro nanodalelėmis buvo nustatytas struktūrizavimo 

slenkstis (mažiausias reikalingas lazerio įtėkis struktūrai suformuoti), kuris buvo 

palygintas su atskirų deimanto tipo anglies ir sidabro dangų struktūrizavimo 

slenksčiais. Pritaikant dvimates greitąsias Furjė transformacijas skenuojančio 

elektronų ir helio jonų mikroskopų mikrofotografijoms buvo gauti suformuotų 

struktūrų difrakcijos vaizdai. 

Buvo ištirta nanodalelių dydžių matricoje keitimo galimybė daleles apšviečiant 

lazeriu. Kai nanokompozito nanodalelės pasižymi bimodaliniu (turi du vyraujančius 

skersmenis) skirstiniu, jį galima pakeisti į unimodalinį prie tam tikrų lazerinės 

apšvitos parametrų. Femtosekundinio lazerio poveikis deimanto tipo angliai su 

sidabro nanodalelėmis buvo vizualizuojamas spektroskopinės elipsometrijos 

žemėlapiu, kuris buvo palygintas su optinio mikroskopo mikrofotografija. Skirtumai 

tarp lazeriu paveiktų ir nepaveiktų zonų nanokompozituose buvo matomi ir tamsaus 

lauko mikroskopijos, ir dvifotonės liuminescencijos metodais.  
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1. INTRODUCTION 

The recent developments in nanotechnology established the necessity of the 

methods for the manipulation of light at the nanometre scale. At such a scale, 

devices based on the traditional (geometric) optics reach the fundamental diffraction 

limit and no longer work, thus a new generation of optical devices must be 

developed. The miniaturisation trend in photonics not only reduces the size of 

devices but also provides possibility to obtain improved functionality compared to 

bulk optical elements. 

Metal nanoparticles have been attracting a lot of attention due to the plasmonic 

effects, especially because of localized surface plasmon resonance (LSPR). Gold is a 

traditional choice in plasmonics, however, other metals, such as silver, copper, 

aluminium, palladium, platinum, nickel, tin, yttrium, etc., are also being heavily 

investigated. LSPR of metal nanoparticles is highly sensitive to the medium where 

they are situated. When a metal is chemically active and thus susceptible to the 

environment, experiments are directed towards finding a passivating material which 

would not suppress the desired properties of the metal. These are the driving forces 

for the intense research in the field of plasmonic (nano)composites. 

Most commonly, metal nanoparticles are embedded in polymer or glass 

matrices. An alternative is amorphous (diamond-like) carbon which in itself is 

denoted by a number of advantages and applications. It shares some of the properties 

with diamond and can prevent metal from oxidation while still maintaining the 

plasmonic properties. 

The structure of nanocomposites is mostly limited by deposition processes. 

However, it is possible to alter the structure of the deposited film by post processing 

of ultrashort pulse laser irradiation. Advanced patterning methods, such as 

holographic lithography and direct laser interference patterning, are capable to create 

one-, two-, and even three-dimensional periodic structures in the film or in the bulk 

of nearly any material. Ultrashort pulse irradiation can melt and change the structure 

of the material and the linear dimensions of nanoparticles. However, laser 

parameters have to be chosen for the specific materials because the material is 

affected only when the laser parameters are at or above the characteristic threshold 

value. In order to investigate the morphology of the imposed periodic structures, 

scanning electron microscopy might not be good enough due to the charging effects. 

In such cases, it is preferable to use other types of advanced microscopy techniques, 

e.g., helium ion microscopy. Periodic structures of sub-micrometre critical 

dimensions have many possible applications: from optical diffractive elements and 

fluid dynamics devices to optical sensors and plasmonic crystals. 

Optical applications rely on the optical properties of the materials. In the case 

of nanocomposites, at least two phases are present with their own optical properties. 

Therefore, nanocomposite optical properties depend on the metal content in the 

matrix and the size and shape of the nanoparticles, etc. In order to determine the 

optical properties of a plasmonic nanocomposite, advanced optical measurement 

techniques are required. Spectroscopic ellipsometry is an elaborate optical 

measurement method primarily used for the determination of thicknesses and optical 
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constants of thin films. It can also be employed to resolve volume fractions of 

materials in the compound, which is very important for understanding the optical 

properties of metal nanocomposites. 

Research objective 

To investigate the optical properties of various metal filler amorphous 

diamond-like carbon matrix nanocomposites deposited under different conditions 

and to explore their micro- and nanopatterning possibilities by employing advanced 

laser techniques. 

Research tasks 

1) To select the deposition conditions and synthesize various copper and silver 

fractions containing amorphous diamond-like carbon nanocomposite films 

which would preserve the plasmonic properties of the metals; 

2) To investigate the elemental and structural composition of the films as well 

as the optical properties, metal volume fractions, nanoparticle size 

distributions and film thicknesses by employing advanced analytical 

methods; 

3) To establish laser beam interference based patterning methods and fabricate 

one- and two-dimensional sub-micrometre pitch patterns in nanocomposite 

films; 

4) To determine the laser patterning threshold of nanocomposite films and 

compare it to the threshold of nanocomposite constituents; 

5) To explore the feasibility and limits of the nanoparticle size distribution 

modification via ultrashort pulse laser irradiation.  

Scientific novelty 

1) Ultrashort pulse laser patterning threshold for diamond-like carbon 

nanocomposite films with embedded silver nanoparticles has been 

determined for the direct laser interference patterning method; 

2) Copper and silver fractions as well as dielectric functions of nanocomposite 

films have been determined via spectroscopic ellipsometry, and the main 

findings have been compared with the results of alternative analytical 
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Key statements of the doctoral dissertation 
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lithography and direct laser interference patterning) are capable to produce 
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symmetries in materials covering large areas. Fourier transformations of the 

corresponding images of laser affected areas give primal information about 

the structure; 

3) Due to the localized surface plasmon resonance of the filler, the patterning of 

nanocomposites requires lower energy density than the patterning of its 

components separately; 

4) The diameters of metal nanoparticles in the nanocomposites can be altered 

by changing either the laser fluence or the number of applied pulses. The 

bimodal size distribution of nanoparticles can be changed into unimodal 

distribution by applying laser irradiation at a specific energy density. 
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2. LITERATURE REVIEW 

2.1. Plasmonic materials 

The field of plasmonics merges optics and nanoelectronics by confining the 

light down to the nanometre scale. Plasmonic materials feature negative real 

dielectric permittivity and plenty of free electrons which create oscillations with the 

applied electromagnetic field [1]. 

Gold is arguably the most popular plasmonic material due to its high stability 

and strong plasmonic response in the visible light range [2]. However, the 

absorption coefficient of gold is relatively high, which is undesirable for certain 

applications [3]. Many other materials have been investigated for their plasmonic 

properties in order to find an alternative to gold: silver [4], palladium [5], niobium 

[6], copper, platinum, nickel, tin, yttrium, aluminium [2], cobalt, chromium, iron, 

molybdenum, manganese, rhodium, tantalum, titanium, titanium and zirconium 

nitrides, tungsten [7], indium tin and aluminium-doped zinc oxides [8], etc. In 

theory, spherical palladium nanoparticles are more LSPR sensitive than gold, but 

their fabrication is fairly problematic [5]. Magnesium can cover the entire visible 

range by changing the diameter of nanodisks and can be applied for hydrogen 

storage [9]. By depositing a single graphene layer on gold, it is possible to enhance 

the electric field more than 4 times. However, multilayered graphene does not 

provide any enhancement [10]. 

At the interface of the metal film and the dielectric material, a freely 

propagating surface charge density wave can be induced. This phenomenon is called 

surface plasmon polaritons (SPP, Fig. 2.1a), or surface plasmon resonance, and it 

generates an evanescent field. However, SPPs cannot be excited directly, but rather 

with a help of a prism coupler, diffraction grating, or a waveguide [11]. 

  

Fig. 2.1. Schematic illustrations of the surface plasmon polariton at the interface of a metal 

and a dielectric (a) and a localized surface plasmon in a metal nanoparticle with the applied 

electric field (b). Adapted from [11, 12]. 

Metal nanoparticles have attracted a lot of attention due to the localized 

surface plasmon resonance (LSPR) effect [2]. LSPR is resonant collective 

oscillations of electrons in a nanoparticle (Fig. 2.1b), which is excited by irradiating 
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metal nanoparticles with light. At the resonance wavelength, strong absorption or 

scattering of light from metal nanoparticles is observed. At the surface of a 

nanoparticle, the electric charge is separated, and a strongly enhanced electric field 

is generated. Contrary to SPP, LSPR can be excited directly [11]. LSPR depends on 

the particle size and occurs only when the size of the nanoparticle is lower than the 

wavelength of the incident light [13]. 

LSPR can create the photo-thermal effect (conversion of light energy into 

heat) through optical excitation and non-radiative relaxation [14]. The stability of 

plasmonic materials is a very important subject due to their applications in various 

environments [15]: the photo-thermal effect of plasmonic materials is applied in 

cancer therapy, optofluidic control, nano-welding, optical data storage, imaging, 

sensing, etc. [14]. 

Optical processes can be significantly enhanced by strong electromagnetic 

fields resulting from the coupling of light with surface plasmons. Field enhancement 

in the surroundings of metal nanostructures is described as the frequency-dependent 

local-field factor [16]: 

 
𝐿(𝜔) =

|�⃗� l(𝜔)|

|�⃗� 0(𝜔)|
, (2.1) 

where ω is the frequency of the electric field (Hz), El is the local electric field 

associated with plasmonic excitations (V/m), E0 is the incident electric field (V/m). 

The local-field factor for surface enhanced Raman scattering can be as high as 100 

[16]. When the material is placed in a system, its performance is described by the 

quality factor [1]: 

 
𝑄 =

(𝐸𝑛ℎ𝑎𝑛𝑐𝑒𝑑 𝑙𝑜𝑐𝑎𝑙 𝑓𝑖𝑒𝑙𝑑)

(𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑓𝑖𝑒𝑙𝑑)
. (2.2) 

LSPR highly depends on the shape of nanoparticles and so does the quality 

factor. For spherical and spheroid particles, the quality factors are, respectively [1]: 

 
𝑄(𝜔) =

−𝜀1(𝜔)

𝜀2(𝜔)
, (2.3) 

 
𝑄(𝜔) =

𝜀1(𝜔)
2

𝜀2(𝜔)
, (2.4) 

where ε1 and ε2 are the real and imaginary parts of dielectric permittivity, 

respectively. From these equations, it is clear that, for a high quality factor, the 

material should possess high negative ε1 and low ε2 [1]. Example dielectric functions 

of silver and copper are depicted in Fig. 2.2. 
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Fig. 2.2. Real (ε1) and imaginary (ε2) parts of the dielectric function of silver (black) and 

copper (grey) as available in the Spectroscopic Ellipsometry Analyzer software database. 

Plasmonic nanostructured materials can be deposited by physical vapour 

deposition, liquid chemical methods, wet chemical synthesis, laser-embossing, 

annealing of thin films, thermal evaporation, high temperature sputtering, low 

temperature molecular beam epitaxy, etc. Additionally, they can be patterned by 

electron beam lithography, laser interference (holographic) lithography, focused ion 

beam milling [1, 17, 18], etc. 

2.1.1. Plasmonic nanoparticles 

Plasmonic nanoparticles have plenty of applications in materials and 

environmental sciences, biomedicine and other fields, including solutions for optical 

waveguides and switches, biosensors, cancer therapy, catalysis, seawater 

desalination [9, 19–23], etc. 

Metal nanoparticles are widely used to enhance the Raman scattering signal by 

the so-called surface enhanced Raman scattering (SERS) effect: the electromagnetic 

field increases due to laser LSPR excitation in nanoparticles. In such a case, 

frequency-dependent local-field factors are expressed as [16]: 

 
𝐿(𝜔L) =

|�⃗� l(𝜔L)|

|�⃗� 0(𝜔L)|
, (2.5) 

 
𝐿(𝜔S) =

|�⃗� l(𝜔S)|

|�⃗� 0(𝜔S)|
, (2.6) 

where ωL and ωS are laser and scattering frequencies (Hz), respectively. From here, 

the enhancement factor EF of SERS is [16]: 

 

𝐸𝐹 = 𝐿2(𝜔L)𝐿
2(𝜔S) ≈

|�⃗� (𝜔L)|
4

|�⃗� 0(𝜔S)|
4. (2.7) 

In a simplified case, when the studied concentrations and numbers of excited 

molecules are the same in the regular Raman and SERS, the enhancement factor can 

be easily calculated from the experimental spectra [24]: 

 
𝐸𝐹 =

𝐼SERS
𝐼Raman

, (2.8) 

where ISERS and IRaman are the intensities of the selected peak in the SERS and Raman 

scattering spectra, respectively (arbitrary units). The SERS enhancement factor of 
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close-packed nanoparticles could be as high as 10
10

, which enables single molecule 

detection [16]. 

2.1.1.1. Copper nanoparticles 

The LSPR of copper is in a similar range as in the case of gold (both close to 

600 nm, depending on the size of nanoparticles) [25–27]. However, copper has 

advantages over gold: it is cheaper and is compatible with semiconductor technology 

[28]. The disadvantage of copper is its environmental instability (surface oxidation), 

but it could be overcome by incorporating copper nanoparticles into a matrix of 

other materials [29]. Copper demonstrates not only expressed plasmonic properties 

but is also advantageous for tribological, mechanical and antibacterial applications 

[30, 31]. Copper, in combination with other materials, can provide interesting 

properties, such as giant piezoresistivity [32] or saturable absorption [33]. 

2.1.1.2. Silver nanoparticles 

There are several methods for the deposition of silver nanoparticles. Thermal 

evaporation can be used to deposit very thin layers (several nanometres thickness) of 

silver on a substrate and then annealing it in high temperature to form islands or 

nanoparticles [4, 17]. Silver salts can be patterned by using ultraviolet (UV) light to 

create clusters of silver nanoparticles by photoreduction [34]. Nanoparticles can also 

be produced from colloidal synthesis, but, in this case, their size distribution is very 

broad [35], however, monodisperse distribution is possible by the polyol method 

[36]. When nanoparticles are distributed in an orderly fashion, the pitch does not 

have a high impact on LSPR. The impact is greater with the change in the size of 

nanoparticles and the distance between them [37]. However, arrays of nanoparticles 

generate a collective plasmonic response and have distinct plasmonic surface lattice 

resonance which depends on the parameters of the array [38]. 

The main disadvantage of silver as a plasmonic material is its instability in air, 

i.e., silver gets oxidised or sulfurized and loses the desirable properties [4, 39]. It 

was reported that very pure silver nanoparticles with the perfect crystalline structure 

have a 5 times longer lifetime than the conventional Ag nanoparticles [40]. It is 

possible to increase the lifetime of silver nanoparticles as an LSPR material 8 times 

by synthesizing bimetal nanoparticles, e.g., silver and cobalt alloy [15]. Other 

solutions of instability problems require embedding nanoparticles into the matrix 

[41]. 

2.2. Nanocomposite films 

Nanocomposite is a combination of at least two different materials and at least 

one dimension is in the nanometres order [42]. Thus metal nanoparticles can be 

embedded in a matrix [4] or covered with a thin film of a passivating material [3] in 

order to create a nanocomposite. These materials have to be chosen so that they 

would not weaken the plasmonic properties of nanoparticles [4]. A nanocomposite 

can even be useful to overcome fabrication difficulties of pure materials, such as 

poor adhesion of a film, surface roughness, spontaneous alloying [43, 44], etc. 

However, some of the ultimate advantageous properties can be gained at the expense 
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of other, not advantageous, properties, e.g., by increasing the copper content in 

amorphous carbon up to 28 at.%, Young’s modulus decreases 1.5 times, 

nanohardness decreases 2 times, friction increases 4 times, but adhesion and fracture 

toughness become better, and the residual stress is lower [45]. Hence, all the 

constituents of the nanocomposite contribute their best properties so that to create a 

new material with exceptional properties which would provide new possibilities for 

applications of nanocomposite materials. 

3.12 at.% silver nanoparticles with diameters of 23.7 nm in diamond-like 

carbon deposited on textile and covered with cellulose work as an antibacterial 

bandage and can kill 99.9% of bacteria in 320 minutes [46]. Covering medical body 

implants with 2 at.% silver in diamond-like carbon provides antibacterial properties, 

prevents post-implantation infections, while also maintaining the cell viability [47]. 

A composite consisting of silver and indium tin oxide covered with pyrrole and 

chitosan can detect cadmium, lead, and mercury ions in contaminated water [48]. A 

randomly distributed gold cluster in a silicon dioxide matrix can serve as a 

broadband anti-reflective coating for silicon reducing silicon reflectivity to 0.1% in 

the visible spectrum [49]. The multi-layered structure of diamond-like carbon and its 

nanocomposites with copper and tungsten on stainless steel substrates have a very 

smooth surface, high hardness of 35 GPa, and low friction of 0.14 [30]. Inserting 

less than 0.05 wt.% of silver in the epoxy resin and irradiating it with light allows 

the curing of resin (polymerisation) without the need for external heating [20]. 

Some nanocomposite fabrication methods are not desirable for certain 

applications, e.g., wet chemical synthesis in the semiconductor industry, thus 

alternatives should be considered. Reactive magnetron sputtering or other physical 

vapour deposition methods are a better approach in such cases [50]. Other possible 

fabrication methods involve ion implantation, chemical reduction, etc. [40]. In some 

cases, carbon tends to crystallise and form alloys in contact with metals (iron, 

copper, nickel, cobalt, platinum, palladium, etc.), which results in phase separation 

in nanocomposite thin films [51]. Polymer:metal nanocomposites are widespread 

and thoroughly investigated [52]. Another widely used matrix for nanoparticles is 

diamond-like carbon [53]. 

2.3. Diamond-like carbon 

Diamond-like carbon (DLC) is a broad term used to describe hydrogenated 

and hydrogen-free amorphous carbon [54]. It features sp
2
 and sp

3
 phase bonds 

between carbon atoms, and their ratio determines the specific DLC type (Fig. 2.3): 

amorphous (a-C), amorphous hydrogenated (a-C:H), tetrahedral amorphous (ta-C), 

or tetrahedral hydrogenated amorphous (ta-C:H) [55]. DLC has low electron 

affinity, is chemically inert, highly mechanically stable and thermally conductive 

[56]. Its chemical inertness makes DLC a very good option as a matrix material for 

nanocomposites [44]. High internal stresses in DLC films are introduced due to sp
3
 

bonding, whereas poor adhesion to some substrates is due to the differences in 

thermal expansion coefficients [57]. Some of DLC disadvantages can be overcome 

by introducing nitrogen, boron, silicon, oxygen, fluorine or metals into thin films 
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[56]. For example, by introducing 2.8 at.% of titanium in DLC, the adhesion 

strength, electrical resistivity, and electrochemical activity of the film improve [58]. 

 

Fig. 2.3. Phase diagram of carbon containing thin films depending on sp
2
, sp

3
, and hydrogen 

content. Adapted from [59]. 

DLC can be deposited by various methods: chemical vapour deposition [60], 

ion implantation [61], magnetron sputtering [62], etc. The selected deposition 

process and its parameters determine the properties of DLC [61]. DLC finds 

applications in many different fields ranging from electronics to medicine [63]. 

2.4. Optical properties of nanocomposites and their application for optical 

sensors 

The optical response of nanoparticles depends on the type of materials used for 

nanoparticles, their size and spatial distribution, the surroundings or the matrix [4], 

etc. The shape of nanoparticles also plays an important role: resonance is different 

for spherical, oblong, triangular, or cubic particles [64]. The LSPR peak broadens, 

and its position red-shifts with increased size of nanoparticles [4]. The red-shift 

stems from nucleation and crystal growth, which leads to an increased distance 

between the valence bands. The opposite is true for the blue-shift: reducing the size 

of nanoparticles leads to a reduced distance between the valence bands [65]. Also, 

when, for example, copper nanoparticles are exposed to oxygen, the LSPR peak 

blue-shifts due to the increased number of vacancies and the carrier density [66]. It 

was reported that the absorption peaks are more sensitive to the optical constants of 

matrix materials than to the diameter of the embedded nanoparticles [67]. 

Furthermore, absorption spectra can have additional peaks related to dipolar, 

quadrupolar or higher plasmonic modes intrinsic for cubic nanoparticles [38]. 

One of the possible fields of the applications of plasmonic materials is optical 

sensors which require very specific optical properties [3]. A sensor is a device 

manufactured to detect specific compounds, parameters, or changes in the 

environment and convert them into a readable signal [68]. Optical sensors are more 

favourable than electronic sensors in harsh environments because they can detect the 

signal without contact, and there is no probability of electrical sparks. The materials 
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have to be chosen depending on the desired final properties of the sensor, such as the 

frequency of plasmonic resonance, the catalytic activity, and the magnetic 

properties. The sensitivity of the sensor can be increased by fabrication of 

nanoparticles from the alloys of plasmonic materials, e.g., palladium and gold [2]. 

Another possibility is exotic geometries. An example could be aluminium, copper or 

silver nanorings with magnesium fluoride, aluminium or silicon oxides as dielectric 

materials [69]. 

Usually, plasmonic optical sensors require a white light source and a 

spectrometer in order to detect the changes in the LSPR peak. However, with careful 

design of materials, shapes and sizes, the optical element could work with a light 

emitting diode and a photodiode [2]. Thus, the fabrication of nanocomposites 

possessing the proper properties is a very important step in the creation of a 

functional sensor. 

Some of the reported sensors based on plasmonic materials are: an array of 

palladium-gold alloy nanoparticles operating as a hydrogen sensor [2], 30 nm 

diameter silver nanoparticles with 1 nm aluminium oxide shells as a glucose solution 

sensor [4], a metallic mirror with a dielectric layer and nanorings array as a 

refractive index sensor [69], three-layer graphene oxide on the gold substrate as a 

biomolecular sensor [70], bimetallic gold and aluminium nanoarrays as a whisky 

sensor [71], etc. 

Sensitivity is a describing parameter of the plasmonic refractive index sensor. 

The complex-frequency shift Δῶ on the local permittivity change Δε(r,ῶ) is derived 

from Maxwell’s equations [64]: 

 

Δῶ = −ῶ∭Δ𝜀 (𝑟 ,ῶ)Ẽ⃗⃗ app(𝑟 )Ẽ⃗⃗
 (𝑟 )d3𝑟 

𝑉p

, (2.9) 

where Ẽ(r) is the resonance mode of a bare metallic nanoparticle, Ẽapp(r) is a 

modified version of Ẽ(r) taking into account the local field corrections, Vp is the 

perturbation volume. Then, the sensitivity Sλ (nm/RIU) of the plasmon resonance 

based refractive index sensor depends on the shift of the plasmon resonance 

wavelength Δλres (nm) per unit change of the refractive index Δn (RIU) [72]: 

 
𝑆λ =

Δ𝜆res
Δ𝑛

. (2.10) 

The theoretical sensitivity of a sensor is usually higher compared with the 

experimentally measured one due to the particles immobilization on the substrate 

[5]. The permittivity and refractive index of the material and the whole system can 

be obtained by spectroscopic ellipsometry. When knowing the sensitivity and 

resolution Rres (nm), the detection limit DL (RIU) of a device can be obtained [73]: 

 
𝐷𝐿 =

𝑅res
𝑆λ
, (2.11) 

which corresponds to the smallest refractive index change accurately measurable by 

the device. 

Plasmonic sensors can also be described by the figure of merit (FOM, RIU
-1

) 

[43]: 
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FOM =

𝑆λ
FWHM

, (2.12) 

where FWHM stands for the full width of the half maximum of the dip in the 

transmission spectra (nm). Additionally, a very important property of the sensor is 

its stability: the response of the sensor should not be affected by degradation of its 

composing materials [72]. 

LSPR can be used to enhance the efficiency of solar cells by control of the 

electrical properties in the active layer: electrons can either be injected or trapped 

due to free charge carrier generation after interaction with photons of a certain 

energy level [50]. 

Plasmonic nanocomposites can also be applied as broad-band anti-reflective 

coatings [49]. Metallic nanostructures offer a possibility of light concentration 

independent from the diffraction limit due to surface plasmon resonances [16]. The 

spatial modulation of the refractive index and, consequently, the diffraction 

efficiency are modified by arranging nanoparticles in diffraction gratings [25]. Sub-

wavelength pitch periodic structures are required in refractive index sensors [74]. 

Nanoparticles arranged in diffraction grating-like structures change the refractive 

index and diffraction efficiency, which is related to the performance of the sensor 

[25, 75]. In order to create such geometries, advanced patterning methods are 

required. 

2.5. Advanced patterning methods 

All fabrication methods are divided into two categories: top-down and bottom-

up. In terms of patterning, the top-down methods are various lithography techniques, 

while the bottom-up methods are self-assembly methods [16]. For example, 

plasmonic magnesium nanodisks capped with palladium can be fabricated by 

colloidal hole-mask lithography and electron-beam evaporation [9]. Previously, 

DLC was etched by pure oxygen plasma reactive ion etching through a silicon 

containing thermoplastic resist hard mask to create patterns with 500 nm depth and 

high precision vertical sidewalls [76]. Periodic structures in DLC:Ag 

nanocomposites can be obtained by plasma chemical etching through photoresist or 

an aluminium mask with the subsequent argon ion sputtering for complete removal 

of silver nanoparticles [77]. Sometimes, intricate designs require a combination of 

several methods. Fast, scalable, low-cost, and tuneable patterning methods are 

preferred and highly desirable [17, 25]. Among these are holographic lithography 

(HL, sometimes referred to as laser interference lithography), and direct laser 

interference patterning (DLIP). The drawback of interference techniques is that they 

can only produce periodic patterns. 

A variety of complicated periodic structures (rotational symmetries) can be 

obtained by employing various laser interference setups: 4-fold with 2 beams and 2 

exposures [78], 5-fold and 8-fold with 5 and 8 beams [79], 8-fold with 2 beams and 

4 exposures [80], 10-fold with 2 beams and 5 exposures [81], 12-fold with 3 beams 

and 2 exposures [82], 18-fold with 2 beams and 9 exposures [83], etc. By 

introducing the phase difference in the interfering beams, a larger variation of 

periodic patterns becomes feasible, e.g., arrays of X shapes [84]. With the use of the 
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scanning sample surface with interfering beams, periodic structures with inner 

periodic features can be created [85]. However, for most applications, simple 

geometries are sufficient. 

In both HL and DLIP, a single exposure with two interfering beams yields a 

one-dimensional (1D) pattern (periodicity in a single direction). Application of 

multiple exposures of two beams with rotation between them, or interference of 3 

and more beams will result in two-dimensional (2D) patterns. 3D patterns are also 

possible in HL when using the appropriate photosensitive materials [86]. 

The main difference between HL and DLIP is the material affected by the laser 

[87]. In the HL case, the sample must be coated with a photosensitive material (a 

positive or negative photoresist, a photopolymer [88]). After developing, the 

structure is in the photoresist layer, and, in order to transfer it to the substrate, an 

additional step is required, e.g., reactive ion etching [89]. DLIP, as the term 

suggests, is a direct approach: the material is patterned during the DLIP process 

without the need for additional films or etching steps. 

Both of these light interference based techniques do not require any masks as 

the conventional lithography techniques do [90, 91]. Commonly, HL employs 

continuous-wave lasers with a long coherence length [90], while DLIP uses pulsed 

lasers with high energy density [92]. DLIP is advantageous over HL due to the 

possibility to work in any lighting conditions, i.e., there is no need for a dark room 

to avoid the unwanted exposure of the photoresist. Moreover, it is less sensitive for 

the sample stability as exposures are imposed over ultra-short time scales. There are 

several possible interferometer geometries: Mach-Zehnder, Lloyd’s mirror, 

Schwarzschild optics, 4f lens system [93], etc. Pulsed lasers feature a shorter 

coherence length than continuous-wave lasers due to their broad bandwidth [94]. 

Thus, only symmetrical interference geometries (e.g., 4f lens systems) can be used 

with pulsed lasers. 

Femtosecond laser (fs-laser) micromachining is capable to cause permanent 

changes to virtually any material. It is even possible to obtain periodic structures 

without the laser interference pattern: this phenomenon is called laser induced 

periodic surface structures (LIPSS). LIPSS occur on the surface of solid materials 

after irradiation with linearly polarised multiple laser pulses [95]. However, it 

appears that the lines in LIPSS patterns are not always predictable or straight – they 

exhibit a wavy pattern [96]. Nonetheless, LIPSS are still being employed for 

patterning of plasmonic materials [92, 97, 98]. 

The nanoparticles size distribution in nanocomposites is typically determined 

during the deposition by applying various technological parameters [99], but, in 

order to alter the size distribution in already deposited films, ultrashort (e.g., 

femtosecond-range) pulse lasers can be applied [63]. The imposed features depend 

on the laser wavelength, the pulse energy, the energy density, the repetition rate, the 

pulse duration, etc. [100]. Commonly, fs-laser effects on the material are classified 

into ablation and damage [100]. Ablation is the removal of a material from the 

sample surface [101]. For ablation, shorter laser pulses (e.g., femtosecond-range) are 

preferred due to superior accuracy, the reduced heated zone, and the absence of 

plasma shielding [95]. 
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Femtosecond lasers do not cause thermal effects during material processing, 

however, at high repetition rates, these effects are still possible. In general, laser 

micromachining produces a complicated pattern on the sample surface by scanning 

the beam over the surface. Another method is laser micromachining using the 

interference field, which allows for more complicated, repetitive patterns without a 

need for scanning [100]. 

Carbon containing thin films can be ablated, delaminated or graphitized under 

laser irradiation [63]. It is reported that, for DLC (specifically, tetrahedral 

amorphous carbon), surface graphitization starts at 1000 K temperature, while 

ablation occurs at the sublimation temperature of 4000 K [102]. For metal 

nanoparticles, laser irradiation can induce melting, coalescence or fragmentation 

[103]. Some materials, such as polycarbonate, undergo swelling after laser 

irradiation [104]. 

Further, some examples of laser affected materials are presented. Mousavi et 

al. patterned tetrahedral amorphous carbon to use it as a protective, lubricant-free 

film on tools. Friction was reduced by 20%, and wear was reduced by 10% [105]. 

Ooms et al. used a continuous wave CO2 laser (λ = 10 μm) to pattern magnetron 

sputtered non-continuous gold films of various thicknesses into nanoparticles. By 

changing the laser scan rate which determined the applied fluence and energy flux to 

the sample, they were able to obtain different-sized particles resulting in different 

colours on the sample surface. The method proved to be cheap and accessible, but 

diffraction limited [17]. Vogel et al. applied nanosecond pulsed laser irradiation to 

change the shape of colloidal gold nanoparticles. The idea was based on the 

excitation of LSPR. Initial rod-like, triangular, pentagonal, and hexagonal shapes 

were successfully converted to spherical shapes by irradiating with the laser 

wavelength thus matching the LSPR of every shape [35]. Zillohu et al. tested 

selective embedding of silver into a polyvinylidene fluoride film by using the same 

laser which is commonly used in Raman spectroscopy (λ = 532 nm). The resulting 

nanocomposite had a blue shift in plasmonic resonance compared with pure silver 

nanoparticles because the polymer disrupted the plasmonic coupling of nanoparticles 

[52]. Palermo et al. worked on the method in order to create submicrometre stripes 

of gold nanoparticles in a polyvinyl alcohol matrix doped with HAuCl4 by two-

photon direct laser writing. They successfully obtained stripes with a periodicity of 

2, 10, and 100 μm; however, an attempt to fabricate the 0.5 μm pitch resulted in a 

dense area of gold nanoparticles without any apparent periodicity [14]. Peláez et al. 

reported the fabrication of periodic structures of silver/gold alloy nanoparticles by 

the phase mask nanosecond laser interference technique. The technique proved to be 

versatile in creating many different periodic patterns, including lines, squares, 

rhombuses, triangles, and oblong shapes [25]. 

2.5.1. Ablation threshold 

Upon laser irradiation, materials absorb energy in the form of heat, which 

increases the temperature. In transparent materials, absorption happens in the 

volume shaped as a cylinder with a two-dimensional temperature gradient. Ablation 

appears on the surface of the material when its melting temperature has been 



27 

reached. In absorbing (metallic) materials, laser radiation penetrates a small distance 

into the material. This distance is called skin depth and depends on the electrical 

conductivity of the material. Free carriers absorb radiation, and the temperature 

increases, which causes the stress and distortion of the surface. Ablation appears due 

to the mechanical failure, the melting of the surface, or a combination of these [106]. 

High refractive index materials usually feature lower threshold values compared to 

the low refractive index materials when material damage is related to nonlinear 

ionization [107]. 

The intensity of light I in the interference pattern at a given point on the 

sample is described as: 

 𝐼(𝑟 ) = 𝐼1(𝑟 ) + 𝐼2(𝑟 ) + 2√𝐼1(𝑟 )𝐼2(𝑟 ) cos(𝜑1(𝑟 ) − 𝜑2(𝑟 )), (2.13) 

where φ is the phase of the light wave. A schematic representation of light intensity 

in the interference pattern of two beams is presented in Fig. 2.4. 

 

Fig. 2.4. Schematic representation of laser intensity distribution in the interference field 

when irradiated at two different laser intensity levels (I1 < I2), which both are above ablation 

threshold intensity Ith. Λ is the distance between two interference maxima, which results in 

the pitch of the fabricated periodic pattern. 

The ablation threshold is the smallest laser energy value which is capable to 

remove the material [100]. Material ablation rate a (cm per pulse) depends on the 

applied laser fluence Φ (mJ/cm
2
) as [108]: 

 
𝑎 =

1

𝛼
ln
Φ

Φth
, (2.14) 

where α is the absorption coefficient (cm
-1

), and Φth is the threshold fluence 

(mJ/cm
2
). The ablation threshold value depends on the material and the laser chosen 

for the fabrication [109]. Furthermore, the ablation threshold of nanocomposite 

materials is different from ablation thresholds of its separate components [110]. The 

threshold value can also be reduced by the so-called incubation effect, i.e., by 

applying multiple laser pulses. The incubation effect is explained as the ability of the 

material to store energy [111]. Storing of energy creates damage accumulation, 

which weakens the molecular bonds and changes the surface chemistry or 

topography [112]. 

Surface modification is possible even below the ablation threshold. In such 

cases, the material is not removed, but its properties are changed. These 

modifications are referred to as gentle ablation [95], a precursor to the surface 

damage [113], melting threshold [114], surface cleaning boundary [115], visible 

damage threshold [116], etc. Similarly, the lowest laser fluence required to induce 

the pattern on the sample surface can be termed as patterning threshold.  
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3. WORK METHODOLOGY 

3.1. Fabrication of nanocomposite thin films 

3.1.1. Magnetron sputtering 

Nanocomposites consisting of hydrogenated amorphous diamond-like carbon 

and copper (DLC:Cu) or silver (DLC:Ag) nanoparticles, as well as pure DLC thin 

films, were deposited by the reactive unbalanced magnetron sputtering method in a 

custom-built system. The principal scheme of the method is depicted in Fig. 3.1. 

Carrier gas ions are incident on the target, and, with enough energy, the target atoms 

are sputtered. The application of the magnetic field increases the sputtering rate 

[117]. In the unbalanced magnetron sputtering mode, the magnetic field in the poles 

is strengthened, and field lines are directed towards the surface of a substrate. A bias 

power can be applied to the substrate in order to change the plasma distribution and 

to accelerate the ions towards the substrate surface [110]. There are two main modes 

in unbalanced magnetron sputtering: direct current and pulsed current. The direct 

current mode applies constant power, while the pulsed mode additionally applies 

high power pulses [118]. 

  

Fig. 3.1. Schematic principle of reactive magnetron sputtering from argon and acetylene 

gases with a metal target. Adapted from [110]. 

DLC and DLC:Ag samples were deposited in the direct current mode, while 

DLC:Cu samples were deposited in the pulsed mode. The pulse time was 100 μs, the 

duty cycle was 1%, and the frequency was 100 Hz. The mixture of argon and 

acetylene gas was used, and nanoparticles were incorporated into the film during 

deposition when using a copper (99.99% purity, Kurt J. Lesker Company) or silver 

(99.99% purity, Kurt J. Lesker Company) target. During the deposition of a pure 

DLC film (without metal nanoparticles), a carbon (graphite) target (99.999% purity, 
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Kurt J. Lesker Company) was used. Acetylene (99.6% purity) was used as a reactive 

gas, while argon (99.99% purity) was a carrier gas. The distance between the target 

and the substrate was 8–10 cm. The base pressure was up to 9.0∙10
-4

 Pa, and the 

work pressure was up to 0.89 Pa. Thin films were deposited on two different 

substrates: 0.5 mm thick, (100) orientation, n-type crystalline silicon (Siltronix), and 

1 mm thick fused quartz (University Wafer), which were grounded, except for 

samples DLC:Ag-2, DLC:Ag-2’, DLC:Ag-6, where the sample bias 

was -100 V, -150 V, -50 V, respectively. The duration of deposition was chosen in 

one of two ways: constant film mass (DLC:Cu) or constant thickness (DLC, 

DLC:Ag, 60 nm). Deposition conditions (Table 3.1) were chosen to deliver a variety 

of nanoparticle sizes as it was similarly reported in [119]. 

Table 3.1. Sample notations and magnetron sputtering conditions for DLC, DLC:Ag and 

DLC:Cu samples. 

Sample Gas flow 

(sccm) 

Supply power Pulse 

current 

(A) 

Duration of 

deposition 

(s) 

Target 

Ar C2H2 Voltage 

(V) 

Current 

(A) 

DLC-0 70 11.7 432-450 0.09-0.11 DC 784 C 

DLC-0’ 70 11.7 430 0.09-0.12 DC 1597 C 

DLC:Ag-2 80 7.8 405-413 0.12-0.15 DC 321 Ag 

DLC:Ag-2’ 80 7.8 396 0.1 DC 205 Ag 

DLC:Ag-6 80 7.8 387-392 0.1 DC 223 Ag 

DLC:Ag-7 70 11.7 387-392 0.1-0.12 DC 300 Ag 

DLC:Ag-8 70 11.7 369-379 0.09-0.1 DC 276 Ag 

DLC:Ag-14 80 5.4 404 0.09-0.13 DC 171 Ag 

DLC:Ag-14’ 80 7.8 395 0.08-0.09 DC 295 Ag 

DLC:Ag-15 80 5.4 420 0.1 DC 178 Ag 

DLC:Cu-14 63 60.3 590 0.04 8 464 Cu 

DLC:Cu-27 63 30.5 595 0.02 4.4 450 Cu 

DLC:Cu-33 63 7.8 580 0.02 2.4 458 Cu 

DLC:Cu-44 63 3.9 580 0.02 2.4 425 Cu 

DLC:Cu-49 63 14.9 730 0.16 30 60 Cu 

 

3.1.2. Electron beam evaporation 

Pure silver thin films (sample Ag-100) were deposited by employing the 

e-beam evaporation technique in a CUBIVAP system. The basic principle of the 

technique is illustrated in Fig. 3.2. A magnetically steered electric beam vaporises 

the target whose species are then used to physically deposit the film [120]. The 

pressure in the sample chamber was less than 0.13 Pa. The purity of the silver target 

in a tungsten crucible was 99.99%. The deposition rate was approximately 1.3 Å/s. 

The target thickness of thin Ag films was 60 nm. 
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Fig. 3.2. Schematic principle of electron beam evaporation. Here, B stands for the magnetic 

field. Adapted from [121]. 

3.1.3. Holographic lithography and direct laser interference patterning 

The common element of holographic lithography (HL) and direct laser 

interference patterning (DLIP) is the imposition of periodic structures in material by 

employing the laser interference field. The principal scheme of HL is illustrated in 

Fig. 3.3, while the DLIP scheme is illustrated in Fig. 3.4. 

 

Fig. 3.3. The principal scheme of the holographic lithography system: 1 – laser, 2, 4, 8, 9 – 

mirrors, 3 – computer controlled shutter, 5 – objective, 6 – pinhole, 7 – lens, 10 – diffraction 

grating beam splitter, 11 – rotatable sample holder. Published in [A2]. 
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Fig. 3.4. The principal scheme of the direct laser interference patterning system: 1 – laser, 2 

– half-wave plate, 3, 4 – Brewster angle polarisers, 5–7 – dichroic mirrors, 8 – diffractive 

optical element, 9 – mask, 10, 11 – lenses (4f system), 12 – XYZ stage. Elements 2–4 

comprise an attenuator. Adapted from [122, 123]. 

Pitch Λ of the pattern (nm) in interference-based techniques can be determined 

as [124]: 

 
Λ =

𝜆

2𝑛 sin𝜃
, (3.1) 

where λ is the laser wavelength (nm), n is the refractive index of the surrounding 

medium (in this particular case, it was air), and θ is the angle of incidence. As it can 

be seen from the equation, when the surrounding medium is air (n = 1), the smallest 

possible pitch is equal to half the wavelength (when θ = 90°). In order to lower the 

pitch further, a laser with a shorter wavelength or immersion mediums is/are 

necessary [89]. In HL, the angle of incidence was changed by changing the positions 

of the mirrors, while in DLIP it was changed by using the diffractive optical element 

(DOE) with a different pitch. 

Holographic lithography was employed to make patterns in a positive tone 

ma-P 1205 photoresist (Micro resist technology) on 2 × 2 cm
2
 float glass (Gravera) 

substrates. The photoresist was spin-coated at 500–700 rpm for 6 s and at 3000–

3200 rpm for 30 s. The resulting thickness of the photoresist layer was 0.5 μm [125]. 

For the exposure, a 442 nm wavelength, 90 mW power HeCd laser (CVI Melles 

Griot 4074-P-A03) was employed. The laser beam was expanded with a spatial 

filter: 40×, 0.65 numerical aperture microscope objective (Lomo) and 30 μm 

aperture (Standa). It was collimated with 50 mm diameter, 75 mm focal length 

convex lens (Eksma Optics). The beam was split with 50 × 50 mm
2
, 1800 lines per 

millimetre diffraction grating beam splitter (Thorlabs). The split beams were 

overlapped on the sample with a 50 mm dielectric mirror (Eksma Optics). The final 

diameter of the interfering beams was 5 cm. The time of the exposure varied from 4 

to 9 seconds, and the laser power was from 89.7 to 90.8 mW (the power density at 

the sample was 2.9–4.3 mW/cm
2
, respectively). After the exposure, the samples 

were developed in an MF-26A developer (Micro resist technology) for 9–14 s. 

Direct laser interference patterning was performed on DLC:Ag, DLC, and Ag 

samples by using the second harmonic (515 nm wavelength) of Yb:KGW Pharos 



32 

laser (Light Conversion) and a FemtoLab micro-/nanomachining workstation 

(Altechna R&D). The pulse duration of the laser was 290 fs, the repetition rate was 

40 kHz, and the beam size was 75 × 75 μm
2
. In order to get a more uniform square 

light intensity distribution in the beam, its Gaussian shape was expanded and 

cropped by passing through the square aperture. DOE was used to split laser beam 

into two symmetrical (equal intensity) beams and unwanted diffraction orders were 

blocked with the mask. A 4f lens system was used to overlap the beams onto a 

single area on the sample surface, which resulted in an interference pattern. The 

laser, the XYZ sample stage, the attenuator, and DOE were controlled by SCA 

software (Altechna R&D). The beam was circularly polarised in order to avoid 

LIPSS. In order to increase the patterned area, irradiation was performed in a 4 × 4 

array, thus giving the total patterned area of 300 × 300 μm
2
. The applied laser 

fluence for DLC:Ag samples was 1–17 mJ/cm
2
, for DLC it was 1–145 mJ/cm

2
, and 

for a pure silver thin film sample it was 6–145 mJ/cm
2
. In all the cases, the applied 

number of the pulses was between 1 000 and 125 000. 

3.2. Characterisation of the properties of thin films 

3.2.1. Microscopy techniques and image analysis 

3.2.1.1. Optical microscopy 

Optical microscope B-600MET (Optika) was employed for the visualization of 

periodic patterns in a photoresist after HL and whole laser irradiated areas in DLC 

after DLIP. Diffraction limited optical microscopy is not suitable for the imaging of 

diffraction patterns and nanoparticles in the nanometre scale. Only the highest pitch 

was visible when using a 100× objective. A 20× objective was suitable to obtain the 

images, from which, the diameters of the whole irradiation spots were determined 

and further used in the ablation threshold determination. 

Derivative information from optical microscopy images 

When a DLC sample was irradiated with elevated fluence Φ (6-145 mJ/cm
2
), 

dark, mostly circular areas were visible under the microscope. For each set of laser 

irradiation parameters, 16 diameter D values (μm) were obtained (from a 4 × 4 

array) and then averaged. In some cases (at a very high fluence or number of the 

applied pulses), the number of the measured diameters was reduced to 12 due to the 

overlap of the irradiated areas, which made it impossible to determine the edges of 

the affected circles in the centre of the array. 

In order to determine the threshold fluence Φth, the fitting in the Origin 

software was employed to equation [126]: 

 
𝐷2 = 2𝑤2 ln

Φ

Φth
, (3.2) 

where w is the estimated laser spot size on the sample surface (μm). Equation (3.2) 

is valid for Gaussian shaped beams, and linear fitting is valid for the plot of D
2
 

dependence on ln(Φ). 

After observation of DLC:Ag samples under optical microscope, it was 

determined that laser irradiation was much more uniform within the squares than in 
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the DLC case, and no dark circles were observed. Thus, it was not possible to 

determine the DLC:Ag ablation threshold by using the same method. 

3.2.1.2. Scanning electron microscopy 

Most of the samples were investigated by employing a scanning electron 

microscope (SEM) Quanta 200 FEG (FEI). Silver containing nanocomposite thin 

films on the silicon substrate and pure silver thin films on both quartz and silicon 

substrates were also investigated while employing a SEM S-4800 (Hitachi). The 

principal scheme of SEM is depicted in Fig. 3.5. In the SEM, a highly focused 

electron beam interacts with the sample in a vacuum chamber, and generated 

secondary electrons are used to image the surface of the sample [127]. In the first 

system, the working distance was 7.3 mm, the accelerating voltage was 30 kV, the 

emission current was 160 μA, and the scan dwell time was 10 μs. In the second 

system, the working distance was 6 mm, the accelerating voltage was 15 kV, the 

beam current was 10 μA, and the scan dwell time was 15 μs. 

 

Fig. 3.5. The principal scheme of a scanning electron microscope. Adapted from [127]. 

3.2.1.3. Helium ion microscopy 

Helium ion microscopy (HIM) is a method which is similar to SEM imaging, 

but, instead of the electron beam, it uses an ion beam. Since ions have a higher mass 

than electrons, the diffraction limit in HIM is lower than in SEM. Also, ions produce 

more secondary electrons (SE, 3–9 per ion) than electrons (1 per electron) [128]. 

The comparative scheme of electron and helium ion beams penetration into a 

material is shown in Fig. 3.6. In the electron beam case, SEs are produced from a 

larger area, and the obtained image contains non-local information. To the contrary, 

the helium ion beam excites a narrower volume, at which, SE can escape, and it 
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produces information in the image from the surface of the probed area. The depth of 

the field in HIM could be as much as 5 times larger than in SEM [128]. 

 

Fig. 3.6. Comparison of the electron beam (a) and helium ion beam (b) interaction with a 

sample. The black lines represent electron and ion beam paths inside a material, respectively. 

SE stands for secondary electrons. Adapted from [128]. 

The samples which were not sufficiently conductive to be measured by using 

SEM (DLC on quartz and silicon, DLC:Ag on quartz) were measured by using a 

helium ion microscope ORION NanoFab (HIM, Zeiss). The sample bias (-60 V) and 

a flood gun (600 eV) were applied for charge neutralisation. The working distance 

was 10 mm. 25 kV accelerating voltage and 0.260 pA beam current was applied. 

The scan dwell time was 2 μs. 

The employed HIM additionally has a gallium ion beam which possesses 

sufficient energy to remove the material. This beam was used to remove a wedge-

shaped volume in the thin film in order to reveal the cross-section. The cross-section 

was then imaged by helium ion beam. 

Derivative information from SEM and HIM micrographs 

Since it was not possible to determine the threshold fluence for DLC:Ag from 

optical microscopy, it was assumed that it might be possible to do this from the 

analysis of the irradiated width. 18 μm field of view microphotographs were used to 

determine the width W of the laser affected lines (Fig. 3.7a). The width was 

measured for each line that was visible in the image and then averaged. In some 

cases, the edge between the ridge and the groove was not clear due to subtle 

intensity variations in sine-like interference field intensity, and thus these 

micrographs had to be omitted from the analysis of the width in order to avoid larger 

errors. 
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Fig. 3.7. Various parameters measured from SEM micrographs (a): W – width of the 

irradiated line, x1, x2 – centre coordinates of the irradiated line, Λ – pitch of the periodic 

pattern. (b) The corresponding black (particles) and white (background) image serves for 

nanoparticle size distribution analysis with marked centres Ci(x,y) of nanoparticles. 

Published in [A4], presented in [B11]. 

3.2.1.4. Transmission electron microscopy 

Transmission electron microscope (TEM) Tecnai G2 F20 X-TWIN (FEI) with 

a 200 kV Schottky field emission electron source was used to investigate the cross-

section of all DLC:Cu samples. Another TEM, Talos F200X (FEI), at 200 kV 

acceleration voltage was used to investigate two of DLC:Ag samples: the one with 

the lowest silver content (DLC:Ag-2), and the one with the highest content 

(DLC:Ag-15). The imaging was performed in the regular mode and in the high-

angle annular dark-field mode. In the regular mode, the electron beam interacts with 

the sample, and the transmitted electrons are used to image the internal structure of 

the sample [127]. The high-angle annular dark-field mode provides images in atomic 

resolution and is sensitive to the atomic number of the elements composing the 

material [129]. 

3.2.1.5. Fast Fourier transform 

A rough estimate of the DLC:Ag patterning threshold could also be 

determined from fast Fourier transforms (FFTs). Fourier transformation changes the 

signal from the spatial domain to the frequency domain. 2D FFT for image 

processing is defined as [130]: 

 

𝐹(𝑢, 𝑣) = ∫ ∫ 𝑓(𝑥, 𝑦)𝑒(−2𝜋(𝑢𝑥+𝑣𝑦))𝑑𝑥𝑑𝑦

∞

−∞

∞

−∞

, (3.3) 

where x and y are spatial domain dimensions, u and v are spatial frequencies. The 

general solution is complex [130]: 

 𝐹(𝑢, 𝑣) = 𝐹R(𝑢, 𝑣) + 𝑖𝐹I(𝑢, 𝑣), (3.4) 

where R and I denote the real and the imaginary parts of the function, respectively. 

It can be assumed that the applied laser fluence is above the patterning 

threshold when the periodic pattern is present in the sample. When the pattern is 

very faint, its existence can be proven by FFT as it has a diffraction pattern. Thus, 
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the patterning threshold is in between the two values of the applied fluence when the 

diffraction pattern is not visible or is present in the FFTs. 

SEM microphotographs with 18 μm field of view and 15 μm field of view 

HIM images were used to determine the pitches of the periodic structures. In order 

to avoid ambiguities, this investigation was carried out by using ImageJ software 

[131]: after assigning the scale of the micrograph, fast Fourier transform was 

calculated, and, from the first maximum in it, the pitch was determined. 

3.2.1.6. Distribution of nanoparticle sizes 

SEM micrographs with a 3 μm field of view were used in the nanoparticle size 

distribution analysis. For this, ImageJ software with Analyze Particles plugin was 

used [132]. The threshold value was set manually for every image in order to get the 

best black and white representation of the sample structure and the areas of particles 

(Fig. 3.7b). Additionally, the background subtraction, the Gaussian blur, and the 

watershed functions were applied. In such cases when automatic functions could not 

satisfactorily resolve each particle, the boundaries between two nearby particles 

were manually corrected by introducing a one pixel-wide gap. The particles that 

were touching the edge of the microphotograph were not included in the 

investigation due to the uncertainty of their sizes. Furthermore, the obtained data of 

the particle area was filtered in order to obtain only the particles in the laser affected 

lines. For this, the previously determined W and central coordinates of each line 

were used (see Fig. 3.7 for explanations of notations): if centre Ci of the particle is 

within the irradiated line width, it was included. In addition, the particles whose size 

corresponds to one pixel in the image were omitted from the analysis because they 

most probably are from the noise in the image. After filtering, the areas of 

nanoparticles were calculated into diameters. Here, it was assumed that the particles 

are perfectly round. The diameters were grouped into so-called bins of 5 nm and 

plotted as a percentage of particles (compared to all the laser affected particles in the 

image) in each bin. Then, the data from these histograms was fitted in Origin 

software to obtain lognormal distribution which is described by [133]: 

 

𝑦 = 𝑦0 +
𝐴

√2𝜋𝜔𝑥
𝑒

−(ln
𝑥
𝑥c
)
2

2𝜔2 , (3.5) 

Where the y coordinate stands for the particle number in percentage, and the x 

coordinate stands for the particle diameter, y0 is the offset, A is the area under the 

curve, ω is the logarithm of standard deviation, and xc is the centre coordinate of the 

function. The mean value μ and standard deviation σ of this function can be 

calculated as: 

 
𝜇 = 𝑒ln 𝑥c+

𝜔2

2 , (3.6) 

 𝜎 = 𝜇√𝑒𝜔
2
− 1. (3.7) 

A variable is lognormally distributed if its logarithm is normally distributed. 

Lognormal distribution is a skewed distribution with low average values and large 

variations. Compared to another very popular distribution – the Gaussian one, which 

is symmetrical – the lognormal distribution has a benefit that its values cannot be 
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negative [134]. Since the size of a nanoparticle cannot be negative, the lognormal 

distribution is the most common function for the fitting of this parameter. 

The density of nanoparticles in the thin film was calculated as the total number 

of nanoparticles divided by the total area of the SEM micrograph under 

investigation. The particle area fraction was calculated as the ratio of the total area 

of the particles (i.e., the area covered by particles) and the total investigated area (the 

area of the micrograph). 

Particle size distribution analysis was not carried out on HIM images because 

HIM produced very bright edges of the particles, and the inside of the particles was 

the same shade as the background thus making it impossible to automatically detect 

full particles without any ‘holes’ in them within the applied ImageJ software. 

3.2.2. Chemical analysis techniques 

3.2.2.1. Energy dispersive X-ray spectroscopy 

Energy dispersive X-ray spectroscopy (EDS) was employed to determine the 

elemental composition of the deposited films. Quantax 200 system with an XFlash 

4030 detector (Bruker) in a Quanta 200 FEG (FEI) scanning electron microscope 

was used. The primary energy used for measurements was 5 keV. The obtained 

concentrations of elements were weight percentages which were calculated into 

atomic percentages. For EDS, thin films on silicon substrates were used. Since the 

films are very thin, EDS also gathers some information from the substrate, and 

silicon concentration had to be eliminated when calculating the concentration of the 

elements in the films. 

3.2.2.2. Raman spectroscopy 

Raman spectroscopy was employed to determine carbon allotropes in the 

deposited thin films and to investigate the SERS effect. Raman spectroscopy is 

based on the Raman scattering effect. The sample is illuminated by a 

monochromatic laser beam which interacts with the molecules and is scattered 

inelastically due to the vibrations of the molecules [135]. 

For the measurements, a Renishaw inVia Raman spectrometer with a 532 nm 

wavelength 45 mW power excitation laser and a 50×, 0.75 numerical aperture 

microscope objective was employed. The laser power on the sample was 1%, and 

the exposure time was 10 s. The background was subtracted from the obtained 

spectra, and the peaks were fitted to the Gauss function in Origin software: 

 
𝑦 = 𝑦0 +

𝐴

𝜔√
𝜋
2

𝑒
−2
(𝑥−𝑥c)

2

𝜔2 , 
(3.8) 

Where the y coordinate stands for the intensity, the x coordinate stands for the 

wavenumber, y0 is the offset, xc is the centre of the peak (i.e., the coordinate of its 

maximum position), ω is the width of the peak, and A is the area under the curve. 
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3.2.3. Techniques to determine the optical properties 

3.2.3.1. Ultraviolet-visible-near infrared spectroscopy 

Ultraviolet-visible-near infrared (UV-Vis-NIR) spectroscopy was employed to 

obtain the optical transmittance and the reflectance spectra. AvaSpec-2048 (Avantes) 

fibre or a V-670 (Jasco) spectrometer and an AvaLight-DHC (Avantes) light source 

were used for this purpose. In order to obtain the transmittance and reflectance of the 

thin films, the reference and dark spectra were recorded first. The dark spectrum is 

recorded when the lamp is switched off. The reference spectrum for transmittance 

was recorded for the quartz substrate without a film, and the reference spectrum for 

reflectance was recorded from the aluminium mirror. From here, transmittance T and 

reflectance R were calculated as: 

 
𝑇 =

𝐼T − 𝐼dark
𝐼0 − 𝐼dark

; (3.9) 

 
𝑅 =

𝐼R − 𝐼dark
𝐼0 − 𝐼dark

, 
(3.10) 

where IT and IR is the intensity of the transmitted and reflected light, respectively, 

Idark is the intensity registered without the light being present, I0 is the reference 

intensity (counts). 

From transmittance T and reflectance R measurements, absorbance A was 

calculated: 

 𝐴 = 1 − 𝑇 − 𝑅. (3.11) 

This equation is valid for specular reflections and for quantities in arbitrary units. If 

the reflection is diffused, its term should also be subtracted. With nanoparticles 

being present on the substrate surface, it is expected for the light to be scattered. 

However, when particles are embedded in a matrix, the surface could be sufficiently 

smooth for the reflection to be specular. 

In order to investigate the scattering properties of thin films, reflection 

measurements were carried out in the integrating sphere RTC-060-SF (Labsphere) 

with a stabilized halogen light source SLS301 (ThorLabs) and a Maya 2000Pro 

spectrometer (Ocean Optics) and with a trap mounted at the position of specular 

reflection. The samples on quartz substrates were mounted at the back port of the 

integrating sphere at an 8° angle of incidence. The trapped specular reflection light 

does not reach the detector, and only the signal from diffused reflection is registered 

[136]. 

3.2.3.2. Spectroscopic ellipsometry 

Principle of spectroscopic ellipsometry technique 

Spectroscopic ellipsometry (SE) is a nondestructive optical technique for the 

determination of optical constants and the thickness of thin films. It is based on the 

change of polarisation of light upon its interaction with the sample either in the 

transmission mode or, more commonly, in the reflection mode [137]. It is possible to 

evaluate films whose thickness ranges from 0.1 nm to 200 μm, with a resolution of 

angstroms [138]. The sample surface does not have to be perfectly smooth, but its 
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roughness should be smaller than the wavelength of light used for the measurements 

because a higher roughness increases the scattering of light and it, in turn, results in 

measurement errors [139]. 

General ellipsometry measures two ellipsometric parameters: the amplitude 

ratio Ψ and the phase difference Δ. The parameters are related to Fresnel reflection 

coefficients as [140]: 

 
tan(Ψ)𝑒𝑖Δ =

𝑟p

𝑟s
= 𝜌, (3.12) 

 
tan2(Ψ) =

𝑅p

𝑅s
, (3.13) 

where rp and rs are Fresnel coefficients of p (parallel) and s (perpendicular) 

polarisation components, respectively, 𝑅p = 𝑟p𝑟p
∗ and 𝑅s = 𝑟s𝑟s

∗ are polarised 

reflectivities (* denotes a complex conjugate). Equation (3.12) is denoted as the 

fundamental ellipsometric equation. The principle of ellipsometry is illustrated in 

Fig. 3.8. 

  

Fig. 3.8. A scheme of polarised light interaction with a multilayered sample in the reflection 

mode. Here, n is refractive index, k is extinction coefficient, d is thickness, E is electric field, 

r is Fresnel coefficient, and θ is angle of incidence. 

Traditionally, spectroscopic ellipsometry results are also presented by using 

the Ψ and Δ parameters. However, the actually measured parameters in SE are 

different and denoted as C, N, and S [141]: 

 𝐶 = sin(2Ψ) cosΔ, (3.14) 

 𝑁 = cos(2Ψ), (3.15) 

 𝑆 = sin(2Ψ) sinΔ. (3.16) 

These parameters are not independent because [141]: 

 𝐶2 +𝑁2 + 𝑆2 = 1. (3.17) 

From here, Eq. (3.12) for non-depolarising samples can be rewritten as: 
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𝜌 =

𝐶 + 𝑖𝑆

1 + 𝑁
. (3.18) 

The dielectric constant of sample εs is related to ellipsometric parameters as 

[137]: 

 
𝜀s = 𝜀a sin

2(𝜃) (1 + tan2(𝜃) (
1 − 𝜌

1 + 𝜌
)
2

), (3.19) 

where εa is the ambient dielectric constant, and θ is the angle of incidence. 

The advantage of spectroscopic ellipsometry is that it is not influenced by light 

source intensity fluctuations and ambient light [140]. It is non-destructive, it does 

not require high vacuum or special sample preparations [142]. The most significant 

disadvantage of SE is its non-direct nature, i.e., the obtained ellipsometric 

parameters do not yield any specific information about the sample, and modelling is 

thus needed [143]. 

Experimental setup of spectroscopic ellipsometry measurements 

SE measurements were obtained by using a variable angle rotating 

compensator spectroscopic ellipsometer GES5-E (Semilab) in the reflection mode 

(Fig. 3.9). It is employed with a xenon lamp which produces a 185–2000 nm 

wavelength light spectrum. The reflected light from the sample was detected by a 

UV-Vis CCD detector with a range of 190–900 nm and a resolution of 0.8 nm. The 

CCD detector records full spectra in 2 s. The angle of incidence was chosen up to 

75°. The lowest angle of incidence depended on the noise level of the signal from 

the sample and was between 30° and 45°. The step in the measured angle was 5°. 

Two beam modes were employed: the parallel beam (3 mm × 12 mm at 75°), and 

the microspot (365 μm × 470 μm at 75°). The number of measured spots (1–5) 

depended on the chosen beam mode and the sample size. 

  

Fig. 3.9. Schematic representation of spectroscopic ellipsometer measurement in reflection 

mode. The polariser arm houses not only the polariser, but also the compensator. 

Modelling of ellipsometric parameters 

In order to resolve the thickness of thin films, the refractive index and 

extinction coefficient, dielectric constants, volume concentrations of materials and 
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other parameters, modelling of ellipsometric data must be performed. For this, the 

optical model of the investigated sample was created in Spectroscopic Ellipsometry 

Analyzer v1.3.8 (SEA, Semilab) software, and the parameters of this model were 

changed during the fitting procedure until the response from the model matched the 

experimental results. The nanocomposite layer was described by effective medium 

approximation (EMA). Silver or copper in this layer was described by using a built-

in refractive index database (the so-called n&k files), while DLC dispersion curves 

were not in the database. Thus, DLC was described by the dispersion law from 

several ones available in the software. The model was based on already known 

parameters so that to reduce the amount of fittable values. The thickness was used 

from TEM, X-ray reflectivity or quartz microbalance data from the film deposition 

system with some added degree of freedom. It was assumed that volume 

concentration is related to atomic concentration from EDS measurement, and this 

value (with some degree of freedom) was used to create an optical model. Current 

DLC:Cu model was heavily based on the X-ray reflectivity model used to interpret 

the same samples. 

The Cody-Lorentz dispersion law was employed to describe the optical 

dispersion of DLC [144] because it proved to be the best from the available ones in 

the software after several attempts with other dispersion laws based on the 

determination coefficient (R
2
) and root mean square error (RMSE) values. The 

Cody-Lorentz dispersion law is described as [145]: 

 

𝜀2 =

{
 
 

 
 𝐸1

𝐸
exp (

𝐸 − 𝐸t
𝐸u

) ,  0 ≤ 𝐸 ≤ 𝐸t

𝐺(𝐸)
𝐴𝐸0Γ𝐸

(𝐸2 − 𝐸0
2)2 + Γ2𝐸2

,  𝐸 > 𝐸t

 (3.20) 

 
𝐺(𝐸) =

(𝐸 − 𝐸g)
2

(𝐸 − 𝐸g)
2 + 𝐸p

2 ; (3.21) 

 𝐸1 = 𝐸t𝐿(𝐸t). (3.22) 

Cody-Lorentz dispersion law parameters are described as follows: A – the oscillator 

amplitude (eV), E0 – the oscillator peak position (eV), G – the broadening energy 

(eV), Eg – the band gap (eV), Ep – the transition energy (eV) that separates the 

absorption onset behaviour from the Lorentz oscillator behaviour, Eu – the slope of 

the Urbach tail (eV), Et – the demarcation energy between Urbach tail transitions 

and the band-to-band transitions (eV). The real part of dielectric function ε1 is 

calculated from the Kramers-Kronig relation. 

The physical mixture of nanocomposite materials was described by 

Bruggeman EMA which is specifically used to describe embedded inclusions in an 

effective medium [146]: 

 
𝑃𝑛(𝜀h = 〈𝜀〉) =∑𝑝𝑗

(𝑛)〈𝜀〉𝑗
𝑛

𝑗=0

= 0
𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑜𝑛
⇒      〈𝜀〉, (3.23) 

 
𝜖𝑖 =

1

𝛾
𝜀𝑖, (3.24) 
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 𝑐�̅� = (𝛾 + 1)𝑐𝑖, (3.25) 

where εi and ci are dielectric permittivity and concentration of the i
th
 species in the 

film. The coefficients of polynomes pj
(n)

 can be expressed quasi recursively by the 

concentrations and dielectric constants of the components. In case of a mixture of 

two materials, the coefficients are expressed as [147]: 

 𝑝0
(2) = −𝛾𝜖12, (3.26) 

 𝑝1
(2) = 𝜖1(1 − 𝑐1̅) + 𝜖2(1 − 𝑐2̅), (3.27) 

 𝑝2
(2)
= 1. (3.28) 

The effective dielectric constant is then derived from the roots of complex 

coefficient polynomial equations by applying the quadratic formula. 

In this study, the spectroscopic ellipsometry experimental data was best 

described by using the optical model with Bruggeman EMA for nanocomposite and 

Cody-Lorentz dispersion law for DLC. However, in literature, there is a wide variety 

of effective medium approximations and dispersion laws: Forouhi-Bloomer [56, 

148], Bruggeman [149], Maxwell-Garnett [67, 150] EMAs, Forouhi and Bloomer 

parametrization [149], Gaussian [151, 152], single Lorentz oscillator [153], isotropic 

Cauchy with Urbach adsorption [154], Cody-Lorentz [67, 152], Drude-Lorentz 

[155], new amorphous [156], Tauc-Lorentz [152, 157, 158] dispersion laws, etc. 

Prior to the fitting, the experimental spectra were smoothed by using the built-

in spline function, and the range was reduced to 300–900 nm due to the increased 

noise in the deep UV. For the fitting, a simulated annealing algorithm [147, 159] 

was employed. 

In multilayered models, the obtained parameters describe each layer 

separately, thus, the effective refractive index neff, the effective extinction coefficient 

keff, and the effective metal volume concentration Ceff of the whole film were 

calculated: 

 
𝑛eff =∑

𝑑𝑖𝑛𝑖(𝜆)

𝑑total
, (3.29) 

 
𝑘eff =∑

𝑑𝑖𝑘𝑖(𝜆)

𝑑total
, (3.30) 

 
𝐶eff =∑

𝑑𝑖𝐶𝑖
𝑑total

, (3.31) 

where d is the thickness of the i
th
 layer or the total thickness of the film (nm), Ci is 

the metal volume concentration in the i
th
 layer. Similarly, the effective dielectric 

functions are calculated. The effective refractive index and the extinction coefficient 

are derived from the optical path, while the effective volume concentration is 

derived from arbitrary volumes. 

The extinction coefficient k obtained during fitting can be used to find 

absorption coefficient α (nm
-1

) [57]: 

 
𝛼 =

4𝜋𝑘

𝜆
. (3.32) 

The goodness of fit of the optical model to the experimental data is described 

by two parameters: RMSE and R
2
 [147]: 
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RMSE = √
1

2𝑁 −𝑚
∑((

𝑓m1
𝑖 − 𝑓c1

𝑖

𝜎m1
𝑖

)

2

𝑤1 + (
𝑓m2
𝑖 − 𝑓c2

𝑖

𝜎m2
𝑖

)

2

𝑤2)

𝑁

𝑖=1

, (3.33) 

 
R2 = 1 −

1

2

𝑆r1
𝑆t1
−
1

2

𝑆r2
𝑆t2
, (3.34) 

where N is the number of data points in the experimental spectrum, m is the number 

of data points in the modelled spectrum, fm and fc are measured and modelled 

(calculated) ellipsometric functions, respectively, σ is the experimental error, and w 

is the weight factor. The S parameters are calculated as: 

 

𝑆r1 =∑(
𝑓m1
𝑖 − 𝑓c1

𝑖

𝜎m1
𝑖

)

2

𝑤1

𝑁

𝑖=1

, (3.35) 

 

𝑆r2 =∑(
𝑓m2
𝑖 − 𝑓c2

𝑖

𝜎m2
𝑖

)

2

𝑤2

𝑁

𝑖=1

, (3.36) 

 

𝑆t1 =∑(
𝑓m1
𝑖 − 𝑓m̅1

𝜎m1
𝑖

)

2

𝑤1

𝑁

𝑖=1

, (3.37) 

 

𝑆r1 =∑(
𝑓m2
𝑖 − 𝑓m̅2

𝜎m2
𝑖

)

2

𝑤2

𝑁

𝑖=1

. (3.38) 

The better the fit, the closer to 1 is the R
2
 value and RMSE is closer to 0. 

Ellipsometric mapping 

The applied intensive electromagnetic fields, e.g., laser irradiation, can change 

the optical properties of the materials. In order to investigate this effect, 

spectroscopic ellipsometry mapping was employed. Coordinates of 9898 points 

(101 × 98 points area) on the sample surface were imported into the measurement 

software. At every 100 points, the focusing procedure was repeated to maintain the 

highest intensity of the reflected light. The step between the points in both x and y 

directions was 30 μm, and the microspot mode was used. The total mapped area was 

around 3 × 3 mm
2
. The beam size is bigger than the selected step, but it was 

reasoned that the signal would be integrated over the area, and lesser differences in 

signal values around the laser irradiated features would be visible. The 

measurements were taken at a 75° angle of incidence since it demonstrated the least 

noise. 

Laser irradiation using various parameters has a varied impact on the 

ellipsometric parameters, and it was expected to see contrast variations in the map. 

This contrast is changing with the wavelength. After acquiring all the data, it was 

filtered: the spectra values at each wavelength were subtracted from each other, and 

the wavelength with the highest absolute difference value (i.e., the highest contrast) 

was chosen for the mapping. The procedure was repeated for both SE parameters, Ψ 

and Δ, since they might be differently sensitive to the changes of the sample surface 

and the optical properties. 
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3.2.4. X-ray reflectivity technique 

X-ray reflectivity (XRR) is a nondestructive technique requiring fitting of the 

model to the acquired experimental data so that to determine the thickness and 

electron density of the materials [160]. The principle of XRR (Fig. 3.10) is based on 

the interference of X-ray beams reflected from the sample surface and from the 

interface between the layers [161]. 

 

Fig. 3.10. A principal scheme of X-ray beam interaction with the sample during XRR 

measurements. Adapted from [161]. 

The XRR measurements for DLC:Cu samples were performed by using a D8 

Discover diffractometer (Bruker) with a copper Kα X-ray source (λ = 0.154 nm). The 

employed geometry was a parallel beam 60 mm Gӧbel mirror. The X-ray generator 

used 40 kV and 40 mA voltage and current, respectively. The 2Theta-Omega 

scanning range was from 0° to 5° with a step of 0.0025° and 0.1 s time per step. The 

fitting was performed by using DIFFRAC.Leptos (Bruker) software. The model had 

10 layers (as determined from TEM) with variable thickness, electron density, and 

roughness. From the results of separate layers, the effective density ρeff (g/cm
3
) of 

the whole DLC:Cu thin film was calculated as: 

 
𝜌eff =∑

𝑑𝑖
𝑑total

𝜌𝑖 , (3.39) 

where di and dtotal are the thickness of the i
th
 layer and the total thickness of the film 

(nm), respectively, ρi is the density of the i
th
 layer (g/cm

3
). 

3.2.5. Two-photon luminescence 

Two-photon luminescence (TPL) is caused by interband transitions of 

electrons in metal (Fig. 3.11a), which allows to study the near-field of 

nanostructures [162]. The TPL process is nonlinear: two low energy photons are 

absorbed by a molecule or an atom, and one higher energy photon is consequently 

emitted [163]. The TPL technique can also give clues about the oxidation state of 

silver nanoparticles. However, the TPL signal originates inside nanoparticles, thus, 

the 1–2 nm of the oxide layer does not significantly change the TPL signal [40]. 

TPL was used for the investigation of DLC:Ag samples after laser irradiation. 
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Fig. 3.11. (a) Electronic transitions in TPL process; (b) basic principal scheme of TPL 

system. Adapted from [163] and [164], respectively. 

TPL measurements were performed on two different systems (the principal 

scheme depicted in Fig. 3.11b). One of them consists of a sub-100 fs, 795 nm 

wavelength, 75.5 MHz repetition rate titanium-sapphire laser (Tsunami, Spectra 

Physics), and an inverted scanning laser fluorescence microscope with a 100×, 0.65 

numerical aperture objective [165]. The other equipment in use consists of a 200 fs, 

730–860 nm wavelength, 80 MHz repetition rate titanium-sapphire laser and a 

scanning optical microscope with a 100×, 0.70 numerical aperture Mitutoyo infinity-

corrected objective [40]. 
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4. RESULTS AND DISCUSSION 

4.1. Investigation of pristine thin films 

4.1.1. Diamond-like carbon and silver thin films 

In order to understand the properties of nanocomposites, their constituent 

materials have to be investigated first. The morphology of as deposited silver and 

DLC thin films is shown in Fig. 4.1. Both of the films are denoted by some 

roughness. Considering same scale micrographs (Fig. 4.1a for Ag and Fig. 4.1b for 

DLC), it appears that the roughness of the silver film is higher because it has bigger 

grains as evident from the contrast difference. Hydrogenated amorphous carbon 

usually is a very smooth thin film: its surface roughness is around 1 nm, and it 

depends mostly on the roughness of the substrate [54, 60, 166]. 

 

Fig. 4.1. Micrographs of pure materials as deposited on the silicon substrate: (a) SEM of 

Ag-100, mark size 500 nm, (b) HIM of DLC-0, mark size is 500 nm, (c) zoomed-in view of 

(b), mark size is 100 nm. Published in [A4]. 

Spectroscopic ellipsometry experimental curves together with the fitted ones 

(best fit) of the DLC samples are provided in Fig. 4.2. The dashed (fitted) curves 

match the solid (experimental) curves very well, and it can be concluded that the 

developed optical model (described in the Modelling of ellipsometric parameters 

chapter) is suitable to describe DLC. 
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Fig. 4.2. Experimental (grey solid) and best fit (dashed) curves of ellipsometric parameters Δ 

and Ψ of 60 nm and 170 nm thicknesses DLC on silicon substrates. The arrow and the 

changing colours indicate the angle of incidence θ from 60° to 75° in steps of 5°. Presented 

in [B8, B10]. 

The goodness of fit, the thickness, and the refractive index at 632.8 nm 

wavelength obtained from SE measurements as well as the thickness from quartz 

microbalance for DLC samples are presented in Table 4.1. From R
2
 and RMSE 

values, it can be concluded that the model (Cody-Lorentz dispersion law for the 

DLC layer) fits the data exceptionally well with R
2
 > 0.97 and RMSE < 2.63. By 

comparing the thickness values from different techniques, it can be seen that DLC 

tends to have much lower thicknesses according to the quartz microbalance. 

Table 4.1. Spectroscopic ellipsometry fitting results for DLC samples: R
2
 is the 

determination coefficient, RMSE is the root mean square error, dSE is the thickness from SE, 

dQ is the thickness from quartz microbalance, n is the refractive index of the film at 632.8 nm 

wavelength. The values are averages obtained from multiple measurements with standard 

deviations. 

Sample R
2
 RMSE dSE (nm) dQ (nm) n 

DLC-0 0.99 ± 0.01 2.26 ± 0.34 193.2 ± 29.0 60 1.70 ± 0.04 

DLC-0’ 0.97 ± 0.04 2.63 ± 0.60 220.6 ± 68.7 170 1.74 ± 0.11 

 

The dielectric functions obtained from SE fittings for DLC samples are 

summarized in Fig. 4.3. By comparing the dielectric functions of a 60 nm thick DLC 

sample and a 170 nm thick DLC sample, it can be seen that the functions are very 

similar, thus the slight variations of the supply power during the deposition did not 

affect the optical properties of DLC films. It also means that the selected optical 
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model for fitting is good to describe DLC because the optical properties do not 

change dramatically with the change in thickness (considering it as a bulk material). 

 

Fig. 4.3. Real (ε1) and imaginary (ε2) parts of dielectric function of DLC. The black line is 

the average value obtained after fitting all the measured spots on a sample. The grey shaded 

area represents the lowest and highest values from fitting. 

4.1.2. Diamond-like carbon with copper nanoparticles nanocomposites 

From EDS measurements it was determined that copper atomic concentration 

in DLC:Cu films was between 13.6 at.% and 48.8 at.%. The complete EDS analysis 

results are provided in Table 4.2. Since the DLC samples were deposited from a 

C2H2 precursor, it is expected that there should be anywhere between 20 at.% and 

50 at.% hydrogen present in the film [54, 55]. However, the available elemental 

analysis method – EDS – is not capable to detect hydrogen, and thus the elemental 

composition is presented in a percentage of the detected elements. 

Table 4.2. Elemental composition of DLC:Cu thin films as obtained from EDS analysis. 

Sample Carbon 

(at.%) 

Oxygen 

(at.%) 

Copper 

(at.%) 

DLC:Cu-14 81.0 5.4 13.6 

DLC:Cu-27 66.2 6.4 27.4 

DLC:Cu-33 59.3 8.0 32.7 

DLC:Cu-44 46.5 9.7 43.8 

DLC:Cu-49 44.1 7.1 48.8 

4.1.2.1. Microscopy and X-ray reflectivity analysis results 

A distribution of the nanoparticle diameter in DLC:Cu is depicted in Fig. 4.4. 

Here, the central diameter (xc of lognormal distribution as obtained from Equation 
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(3.5)) is marked as a dot. The central diameter of this specific sample (62.0 at.% 

copper) is 11 nm. The value is not at the peak of lognormal distribution, but rather it 

is shifted to the higher nanoparticle diameter due to the skewed nature of the 

function and its long tail. 

 

Fig. 4.4. Representative unimodal distribution of copper nanoparticles in DLC:Cu (62.0 at.% 

Cu) nanocomposite thin film with lognormal fit (R
2
 = 0.99). The dot marks the central 

diameter xc. The inset shows the HIM micrograph of the sample tilted at 20° with a mark size 

of 100 nm. Published in [A3]. 

The thicknesses of the DLC:Cu samples were determined from TEM 

micrographs (Fig. 4.5): 64.7 nm (DLC:Cu-14), 48.2 nm (DLC:Cu-27), 33.4 nm 

(DLC:Cu-33), 30.4 nm (DLC:Cu-44), and 40.5 nm (DLC:Cu-49). The micrographs 

also revealed the multilayered nature of the thin films, which helped to create XRR 

and SE models. From the TEM micrographs, it was determined that copper 

nanoparticles in DLC:Cu are of 2–6 nm diameter. DLC:Cu-14 and DLC:Cu-27 

manifest fairly uniform distribution of copper nanoparticles. DLC:Cu 

nanocomposites with a higher copper content (DLC:Cu-33, DLC:Cu-44) are 

distinguished by the larger diameter of the particles and the higher electron density 

contrast. This is consistent with the separately investigated DLC:Cu sample with 

62.0 at.% copper (Fig. 4.4): since this additional sample is denoted by a higher 

concentration than any other sample under consideration, it is expected for it to have 

a larger average particle diameter (in this case, 11 nm). In addition, these thin films 

have some fragments of DLC in-between the nanoparticles as structural layering (the 

brighter lines in Fig. 4.5). It shows variations in the film density and copper 

concentration within the depth of the thin DLC:Cu nanocomposite film. This 

indicates a self-organization of alternating DLC and Cu layers, which was also 

reported in [45]. It could be explained by segregation, metal catalytic actions, 

diffusion, etc., but the origin is still not fully understood. 
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Fig. 4.5. TEM micrographs of the cross-sections of DLC:Cu samples. The mark size for 

13.6–32.7 at.% is 50 nm, while for 43.8–48.8 at.%, it is 20 nm. Published in [A1]. 

According to XRR measurements (Fig. 4.6, the fitting described in the X-ray 

reflectivity technique chapter), the thickness of nanocomposites was: 51.2 nm 

(DLC:Cu-14), 43.8 nm (DLC:Cu-27), 24.4 nm (DLC:Cu-33), 25.4 nm 

(DLC:Cu-44), and 36.4 nm (DLC:Cu-49). The roughness of the surface was 

approximately 2 nm. The final 10-layer model of DLC:Cu nanocomposite samples 

revealed low density layers, which is in agreement with the bright regions in TEM 

micrographs (Fig. 4.5). The effective density of thin films, as calculated from 

Equation (3.39), was revealed to increase with the increasing copper content. This is 

expected as copper features a higher density than DLC. The density of DLC ρDLC 

(g/cm
3
) was calculated when knowing the effective density of the whole film ρeff 

from XRR and the copper weight concentration CCu (in percentage) from EDS: 

 
𝜌DLC =

𝜌Cu𝜌eff(100 − 𝐶Cu)

100𝜌Cu − 𝐶Cu𝜌eff
. (4.1) 

The density of copper ρCu was assumed to be lower (7.184 g/cm
3
) than bulk copper 

due to possible oxidation originating from the deposition process. The calculated 

density of DLC is: 1.722 g/cm
3
 (DLC:Cu-14), 1.653 g/cm

3
 (DLC:Cu-27), 

1.537 g/cm
3
 (DLC:Cu-33), 1.503 g/cm

3
 (DLC:Cu-44), and 1.427 g/cm

3
 

(DLC:Cu-49). 
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Fig. 4.6. XRR measurement (grey) and fitting (black) curves of DLC:Cu samples 

(R
2
 ≥ 0.98). Published in [A1]. 

4.1.2.2. Raman spectroscopy results 

The obtained Raman scattering spectra of DLC:Cu thin films with peaks fitted 

by using Equation (3.8) are depicted in Fig. 4.7. These spectra are not very different 

from DLC Raman scattering spectra: they have a G peak and a D peak as a shoulder. 

No other peaks can be distinguished. Thus, the copper concentration does not exert a 

sizable impact on the Raman scattering spectra. This was also confirmed by 

Meškinis et al. for various copper concentrations [32, 167]. 
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Fig. 4.7. Raman scattering spectra of DLC and DLC:Cu samples (R
2
 ≥ 0.97). The 

percentages indicate copper atomic concentration in the sample. 
1
DLC-0, 

2
DLC-0’. 

4.1.2.3. Optical spectroscopy results 

The normalized absorbance spectra of DLC:Cu samples are depicted in Fig. 

4.8. The measured wavelength range of DLC:Cu and DLC is different due to the 

different spectrometers used for measurements. All the DLC:Cu samples, except for 

DLC:Cu-14 (denoted as 13.6% in Fig. 4.8), exhibit absorbance peaks: at 610 nm 

(DLC:Cu-27), 641 nm (DLC:Cu-33), 640 nm (DLC:Cu-44), and at 632 nm 

(DLC:Cu-49). Small differences in the absorbance peak positions indicate similar 

sizes of the nanoparticles in the DLC:Cu samples. It was previously reported that 

LSPR is possible for films with more than 10 at.% copper and particles bigger than 

2 nm [168, 169], which is consistent with the current findings. Smaller particles lack 
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conduction electrons, and the surface charge density is reduced, which dampens and 

broadens LSPR. 

 

Fig. 4.8. Normalised and shifted for clarity optical absorbance spectra of DLC:Cu and DLC 

samples. The legend indicates copper atomic content in the sample. Here, the dashed lines 

are pure DLC (
1
DLC-0, 

2
DLC-0’), and the solid lines are DLC:Cu (the colour darkens with 

the increasing copper concentration). Published in [A1]. 

4.1.2.4. Spectroscopic ellipsometry results 

Spectroscopic ellipsometry experimental curves together with the fitted ones 

(best fit) of DLC:Cu samples are provided in Fig. 4.9 (Δ) and Fig. 4.10 (Ψ). The 

dashed (fitted) curves match the solid (experimental) curves very well, and it can be 

concluded that the created optical model (described in the Modelling of 

ellipsometric parameters chapter) is suitable to describe DLC:Cu. When comparing 

the DLC:Cu absorbance spectra (Fig. 4.8) and their ellipsometry spectra (Fig. 4.10) 

at a 75° incidence angle, it can be noted that they share a peak at just above 600 nm. 
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Fig. 4.9. Experimental (grey solid) and best fit (dashed) curves of ellipsometric parameter Δ 

of DLC:Cu samples on the quartz substrate. Percentage indicates the atomic concentration of 

copper in the samples. The arrow and the changing colours indicate the angle of incidence θ 

from 30° to 75° in steps of 5°. Published in [A1]. 
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Fig. 4.10. Experimental (grey solid) and best fit (dashed) curves of ellipsometric parameter 

Ψ of DLC:Cu samples on the quartz substrate. Percentage indicates the atomic concentration 

of copper in the samples. The arrow and the changing colours indicate the angle of incidence 

θ from 30° to 75° in steps of 5°. Published in [A1]. 

The goodness of fit, the total thickness, the effective metal volume 

concentration, and the effective refractive index at 632.8 nm wavelength obtained 

from SE measurements for DLC:Cu samples are presented in Table 4.3. From the R
2
 

and RMSE values, it can be seen that the 10-layer model (Cody-Lorentz dispersion 

law for DLC, Bruggeman EMA for the nanocomposite layer) fits the data 

exceptionally well for the DLC:Cu samples: R
2
 > 0.94, RMSE < 0.96. The complete 

information about the employed DLC:Cu multilayered optical model for 

spectroscopic ellipsometry is given in Table 4.4. 
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Table 4.3. Spectroscopic ellipsometry fitting results for DLC:Cu samples: R
2
 is the 

determination coefficient, RMSE is the root mean square error, d is the thickness, C is the 

metal volume concentration, neff is the effective refractive index of the whole nanocomposite 

film at 632.8 nm wavelength. The values are averages obtained from multiple measurements 

with standard deviations. 

Sample R
2
 RMSE d (nm) C (V.%) neff 

DLC:Cu-14 0.98 ± 0.00 0.72 ± 0.05 50.7 ± 7.0 10 ± 2 1.87 ± 0.05 

DLC:Cu-27 0.98 ± 0.01 0.53 ± 0.09 43.4 ± 1.1 16 ± 1 2.29 ± 0.15 

DLC:Cu-33 0.94 ± 0.02 0.87 ± 0.09 32.3 ± 2.5 24 ± 3 2.04 ± 0.08 

DLC:Cu-44 0.96 ± 0.02 0.96 ± 0.16 27.6 ± 2.2 25 ± 2 1.98 ± 0.18 

DLC:Cu-49 0.98 ± 0.00 0.78 ± 0.07 34.1 ± 0.6 31 ± 7 1.81 ± 0.16 

 

Table 4.4. Optical 10-layer model parameters of DLC:Cu thin film obtained by 

spectroscopic ellipsometry. Here, d is the thickness of the layer, C is either atomic (at.%) or 

volume (V.%) concentration of copper, n is the refractive index at 632.8 nm wavelength, ± 

denotes standard deviation of the parameter above it. 

C (at.%) Parameter Layer No. 

1 2 3 4 5 6 7 8 9 10 

13.6 d (nm) 11.4 16.7 2.8 1.1 4.2 4.8 4.0 0.7 2.5 1.0 

± 5.2 2.6 2.1 0.3 0.2 0.6 2.4 0.3 0.1 0.1 

C (V.%) 16.9 9.2 4.3 10.8 10.5 9.9 4.7 2.4 1.8 20.6 

± 0.02 0.06 0.03 0.09 0.04 0.06 0.03 0.02 0.01 0.03 

n 2.35 1.72 2.17 2.30 1.82 1.64 1.41 1.63 1.55 1.80 

± 0.72 0.48 1.17 0.92 0.51 0.27 0.31 0.41 0.29 0.55 

27.4 d (nm) 9.4 1.6 9.0 6.4 8.3 2.2 2.2 2.1 1.8 0.4 

± 0.6 0.4 0.5 0.6 0.1 0.1 0.1 0.1 0.1 0.1 

C (V.%) 21.0 7.3 16.9 15.9 16.6 9.6 15.6 3.0 15.3 32.9 

± 0.03 0.04 0.09 0.10 0.03 0.08 0.10 0.03 0.05 0.03 

n 3.03 3.03 2.59 1.83 1.87 1.91 1.51 1.60 2.15 2.46 

± 1.10 0.97 0.64 0.53 0.40 0.95 0.28 0.49 0.57 0.48 

32.7 d (nm) 2.7 2.4 0.9 2.2 3.1 1.5 2.5 4.8 3.3 8.9 

± 0.1 0.1 0.1 0.2 0.1 1.0 0.9 1.3 0.3 1.8 

C (V.%) 56.4 21.3 6.8 68.1 13.2 2.8 63.1 1.9 52.7 2.6 

± 0.07 0.05 0.03 0.02 0.05 0.02 0.01 0.01 0.03 0.01 

n 3.18 2.03 2.60 2.32 2.25 1.98 2.72 1.74 1.61 1.57 

± 0.70 0.62 0.75 1.64 1.05 0.37 0.62 0.41 0.64 0.38 

43.8 d (nm) 3.4 2.4 1.4 1.1 2.4 1.0 3.3 4.2 4.2 4.2 

± 0.4 0.1 0.1 0.2 1.1 0.5 0.2 0.7 0.7 2.0 

C (V.%) 43.7 8.0 38.3 4.5 11.0 26.7 30.0 3.9 70.7 4.8 

± 0.05 0.06 0.04 0.05 0.05 0.04 0.03 0.04 0.02 0.03 

n 2.31 2.36 1.83 2.48 1.92 2.35 1.71 1.46 2.25 1.42 

± 1.02 0.69 0.65 0.85 0.24 1.24 0.95 0.59 0.83 0.61 

48.8 d (nm) 3.0 1.1 2.7 1.0 1.8 0.9 2.4 11.2 8.1 4.5 

± 2.2 0.2 0.3 1.1 1.7 0.6 0.4 0.5 0.8 0.7 

C (V.%) 65.3 59.6 19.1 79.9 12.5 94.3 24.3 28.5 14.3 34.0 

± 0.37 0.07 0.23 0.33 0.11 0.03 0.35 0.01 0.04 0.20 

n 2.12 2.55 2.89 1.03 2.13 0.32 2.27 1.75 1.37 1.84 
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± 1.91 1.13 1.34 1.37 0.20 0.11 0.69 0.12 0.37 0.86 

 

The thickness values of the nanocomposites as determined by various 

techniques are compared in Table 4.5. As it can be seen, the agreement between the 

TEM, XRR, and SE results is fairly good considering the standard deviations of the 

measured values. Since TEM is a most direct method to measure the film thickness, 

it should be considered as the actual thickness. The exceptional agreement of the SE 

results with TEM could be expected from a 10-layer model heavily based on XRR 

and TEM measurements since it involves more fittable parameters and, thus, more 

degrees of freedom. The most prominent disagreement in the thickness values are 

from quartz microbalance. DLC:Cu tends to feature much higher thicknesses 

according to quartz microbalance. However, quartz microbalance is a mass 

measurement technique, and the thickness is obtained non-directly, thus the 

differences are possible if the density variation from sample to sample is not taken 

into account. Other possible reasons for the differences in the results obtained by 

different techniques are the surface roughness and not fully described interfaces in 

the models. 

Table 4.5. Comparison of DLC:Cu thickness obtained by various techniques: quartz 

microbalance during the deposition, transmission electron microscopy (TEM), X-ray 

reflectivity (XRR), and spectroscopic ellipsometry (SE). 

Sample Thickness (nm) 

Quartz 

microbalance 

TEM XRR SE
a
 

DLC:Cu-14 100 64.7 51.2 50.7 ± 7.0 

DLC:Cu-27 100 48.2 43.8 43.4 ± 1.1 

DLC:Cu-33 100 33.4 24.4 32.3 ± 2.5 

DLC:Cu-44 100 30.4 25.4 27.6 ± 2.2 

DLC:Cu-49 100 40.5 36.4 34.1 ± 0.6 
a
Error value in spectroscopic ellipsometry results is standard deviation of the values obtained 

for the same sample at different spots. 

 

The comparison of the copper content in DLC:Cu thin films within the depth 

obtained by different techniques is depicted in Fig. 4.11. The EDS data represents 

copper Lα line intensity. The XRR and SE data was obtained from the fitting when 

using 10-layer models. The copper volume concentration and the effective density of 

DLC:Cu thin films vary within the depth and are in good agreement with TEM EDS. 

Thus, the XRR and SE can be used for the initial investigation of the sample 

structure when destructive thickness profiling techniques are not desirable. 
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Fig. 4.11. Comparison of copper content depth profiles in DLC:Cu thin films obtained by 

EDS (intensity I of Cu Lα line), XRR (effective density ρeff of thin film), and SE (Cu volume 

concentration) techniques. DLC:Cu samples are indicated by their atomic Cu percentage. 

Published in [A1]. 
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The dependence of the volume concentration and the effective refractive index 

on copper atomic concentration is depicted in Fig. 4.12. Copper volume 

concentration follows the linear trend depending on copper atomic concentration. To 

the contrary, the refractive index dependence in the DLC:Cu case does not follow a 

fully linear trend. At first, the refractive index is increasing with the increasing 

copper atomic concentration. At 27.4 at.% copper, the refractive index value is the 

highest, and it starts to decrease with the increasing copper concentration. Copper 

shows an absorption peak at around 600 nm, and LSPR is a possible explanation of 

the decreasing refractive index. Additionally, copper has a high extinction above the 

500 nm wavelength, which results in a refractive index below 1.0, and, at the same 

time, the decreasing effective refractive index of DLC:Cu nanocomposite. The 

sample with the lowest copper content (DLC:Cu-14, 13.6 at.%) features a lower 

effective refractive index than the remaining DLC:Cu nanocomposites. It is 

consistent with the results of the absorbance spectra (see Fig. 4.8) where DLC:Cu-14 

did not exhibit any absorbance peak. 

 

Fig. 4.12. Copper volume concentration (a) and refractive index of DLC:Cu at 632.8 nm 

wavelength (b) dependencies on atomic copper concentration. Dots are the average values 

obtained from SE fittings, and error bars are standard deviations. Grey lines are linear fits 

(R
2
 = 0.90 and R

2
 ≥ 0.65, respectively). Published in [A1]. 

In plasmonic applications, a more important parameter than the refractive 

index is the dielectric function, and, thus, it was investigated more thoroughly. The 

dielectric functions obtained from the SE fittings for DLC:Cu are summarized in 

Fig. 4.13 (ε1) and Fig. 4.14 (ε2). DLC:Cu real parts of dielectric function agree with 

the absorbance spectra (Fig. 4.8) by having a dip above 600 nm. In the case of pure 

copper (Fig. 2.2), there is a peak at a similar wavelength in ε1 and a dip in ε2. As the 

extrema features of copper are preserved, the nanocomposites are still plasmonic. 

The values of the dielectric functions of DLC:Cu (Fig. 4.13, Fig. 4.14) are very 

different from pure copper (Fig. 2.2). The real part of the dielectric function no 

longer has a negative part, and, in most cases, it is very constant up to 600 nm, yet it 

slightly increases with the further increase of the wavelength. This is partly because 

the results are averaged throughout the sample, which might have some 

inconsistencies in the film. The imaginary part of the dielectric function exhibits 
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lower values in nanocomposites than in pure copper. This is advantageous because it 

indicates lower losses in the material. 

 

Fig. 4.13. Real part (ε1) of dielectric function of DLC:Cu nanocomposite films. Black line is 

the average value obtained after fitting all the measured spots on a sample. Grey shaded area 

represents the lowest and highest values from fitting. Percentage is the atomic concentration 

of copper in the film. 
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Fig. 4.14. Imaginary part (ε2) of dielectric function of DLC:Cu nanocomposite films. Black 

line is the average value obtained after fitting all the measured spots on a sample. Grey 

shaded area represents the lowest and highest values from fitting. The percentage is the 

atomic concentration of copper in the film. 

4.1.3. Diamond-like carbon with silver nanoparticles nanocomposite films 

From the EDS measurements, it was determined that silver atomic 

concentration in DLC:Ag samples is between 2.0 at.% and 15.3 at.%. The overall 

chemical composition of the films determined by EDS is given in Table 4.6. As 

already mentioned in the case of DLC:Cu nanocomposites, it is expected that there 

should be some hydrogen present in the films, however, EDS is not capable to detect 

it. 

Table 4.6. Elemental composition of DLC:Ag thin films as obtained from EDS analysis. 

Sample Carbon 

(at.%) 

Oxygen 

(at.%) 

Silver 

(at.%) 

DLC:Ag-2 97.4 0.6 2.0 

DLC:Ag-2’ 95.4 2.3 2.3 
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DLC:Ag-6 89.5 4.5 6.0 

DLC:Ag-7 81.3 12.2 6.5 

DLC:Ag-8 76.6 15.5 7.9 

DLC:Ag-14 71.4 14.5 14.1 

DLC:Ag-14’ 74.7 11.2 14.1 

DLC:Ag-15 68.6 16.1 15.3 

4.1.3.1. Microscopy analysis results 

Morphology of as deposited DLC:Ag thin films is depicted in Fig. 4.15. 

DLC:Ag with 2.3 at.% of silver has visible nanoparticles only in the vicinity of 

surface defects. DLC:Ag with 2.0 at.% silver has surface features, but it is hard to 

distinguish whether it is a dense population of very small nanoparticles, or merely 

surface roughness. Other DLC:Ag samples with a higher silver content definitely 

have nanoparticles present with a variety of sizes and densities. 

 

Fig. 4.15. SEM micrographs of as deposited DLC:Ag nanocomposite thin films of different 

silver concentrations on silicon substrate. Mark size is 500 nm. 
1
DLC:Ag-14, 

2
DLC:Ag-14’. 

Published in [A4], presented in [B2, B3, B5, B7, B9, B13]. 

The nanoparticles densities in pristine films as determined from SEM 

micrographs are as follows: 293 μm
-2

 (DLC:Ag-6), 244 μm
-2

 (DLC:Ag-7), 920 μm
-2

 

(DLC:Ag-8), 336  μm
-2

 (DLC:Ag-14), 249 μm
-2

 (DLC:Ag-14’), and 601 μm
-2

 

(DLC:Ag-15). Particle density and area fraction dependencies on atomic silver 

concentration are depicted in Fig. 4.16. These parameters are important for sensor 

application, since the response of a sensor depends on the area fraction [170]. 

Particle density and area fraction do not appear to follow a clear tendency in relation 

to silver concentration. It means that this could be more related to deposition 

parameters, which was extensively studied by Meškinis et al. [167, 171, 172]. Also, 

film thickness could play an important role here, since, for the thicker films, the 

metal can be distributed in the whole volume, which increases the atomic 
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concentration, but decreases the area fraction. It was reported that the surface area 

fraction depends on the particle size and can be varied by changing the duration of 

deposition [173, 174]. 

 

Fig. 4.16. Particle density (a) and particle area fraction (b) dependence on silver atomic 

concentration in DLC:Ag nanocomposites. 
1)

DLC:Ag-14, 
2)

DLC:Ag-14’. 

Histograms of nanoparticle fractions of certain diameters and their lognormal 

fits, as obtained from Equation (3.5), are depicted in Fig. 4.17. Only sample 

DLC:Ag-14 has bimodal distribution, all the remaining samples have unimodal 

distributions. Sample DLC:Ag-7 has a sizable fraction of nanoparticles in the range 

of 15–35 nm, and this shoulder could be interpreted as a second peak in the 

distribution. However, the fraction of the smallest nanoparticles is so high that 

lognormal distribution can no longer be used to fit the data. Similarly, DLC:Ag-14’ 

does not follow the lognormal trend because it has a large amount of the smallest 

nanoparticles, and the amount of the larger particles decreases exponentially. 

Interestingly, two samples with the same silver atomic concentration (14.1 at.%) 

have very different distributions of the particle size. However, the deposition 

parameters were different for these films, and the resulting carbon and oxygen 

concentrations are different. This means that the films actually grow differently, and 

that there might be variations of silver concentration within the depth of the film 

(e.g., DLC:Ag-14 might be more uniform, while DLC:Ag-14’ could have more 

silver at the top than at the bottom of the film), whereas particle analysis takes into 

account only the particles which are visible at the surface. A thorough TEM analysis 

is necessary to draw particular conclusions. 
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Fig. 4.17. Particle distributions by diameters in nanocomposite films with different silver 

atomic concentration and their lognormal fits (R
2
 ≥ 0.96). 

(1)
DLC:Ag-14, 

(2)
DLC:Ag-14’. 

The central diameters of DLC:Ag nanocomposites with unimodal distributions 

are: 26 nm (DLC:Ag-6), 24 nm (DLC:Ag-8), 20 nm (DLC:Ag-15), and less than 

5 nm (DLC:Ag-7, DLC:Ag-14’). In DLC:Ag-14 bimodal distribution, most of the 

particles are around 17 nm and 46 nm in diameter. 

The cross-sectional views of DLC:Ag-2 and DLC:Ag-15 samples are shown in 

Fig. 4.18. In the case of DLC:Ag-2, in approximately 5 μm cross-section view, only 

5 nanoparticles were discovered. This means that, in the SEM micrograph of the top 

view (Fig. 4.15), the visible features should be the surface roughness and not 

nanoparticles. To the contrary, in the TEM micrograph of the DLC:Ag-15 sample, 

many silver nanoparticles are visible. They appear to be more on the surface of the 

film than inside it. This was also observed for another sample, namely, for 

DLC:Ag-14’, after investigating it at the tilted angle when using SEM (Fig. 4.19). 

The thickness of the DLC:Ag-2 thin nanocomposite film as determined from TEM is 

around 117.1 nm. The thickness of DLC:Ag-15 is either 26.8 nm (the continuous 

part of the film), or 74.8 nm (including the height of the biggest nanoparticles). 

 

Fig. 4.18. TEM micrographs of the cross-sections of DLC:Ag samples. Mark size is 100 nm. 
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Fig. 4.19. SEM micrograph of DLC:Ag-14’ sample tilted at 30° angle. Mark size is 200 nm. 

High-angle annular dark-field TEM imaging together with EDS was used to 

obtain the elemental distribution in the vicinity of silver nanoparticles in the 

DLC:Ag-2 and DLC:Ag-15 samples (Fig. 4.20). Silver nanoparticles appear white in 

these TEM images. In elemental analysis, the brighter colouring means a higher 

concentration of the corresponding element. Carbon is mostly uniformly distributed 

with a lower concentration at the places of nanoparticles. Oxygen is also abundant in 

the samples with a slightly increased concentration at the nanoparticles. This 

indicates oxidation of silver. Sulphur is mostly found at the nanoparticles, and it 

proves that not only oxidation, but also sulfurization could be a problem for 

nanocomposites containing silver, especially when nanoparticles form closer to the 

surface and are not fully protected by a matrix. 
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Fig. 4.20. TEM close-up of nanoparticles of DLC:Ag-2 (a) and DLC:Ag-15 (b) samples with 

EDS mapping of the same area of silver, carbon, oxygen, and sulphur elements. Mark sizes 

are 10 nm and 30 nm, respectively. 

4.1.3.2. Raman spectroscopy results 

The Raman spectroscopy results of DLC:Ag samples with peaks fitted by 

using Equation (3.8) are summarized in Fig. 4.21. The Raman scattering spectra of 

both DLC-0 samples (0%
1
 and 0%

2
 in Fig. 4.21) are consistent with amorphous 

hydrogenated diamond-like carbon (a-C:H) spectra reported elsewhere [119, 175–

178]. The shoulder at 1400 cm
-1

 and the peak at 1535 cm
-1

 are called D and G peaks, 

respectively. Nanocomposite samples have better pronounced D peaks which get 

increased with the increasing silver content in the nanocomposite films. Starting 

from approximately 6.0–6.5 at.% of silver, the D peak no longer appears as a 

shoulder, but rather as a separate peak. 
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Fig. 4.21. Raman scattering spectra of DLC and DLC:Ag samples (R
2
 ≥ 0.94). The 

percentages indicate silver atomic concentration in the sample. 
1
DLC-0, 

2
DLC-0’, 

3
DLC:Ag-14, 

4
DLC:Ag-14’. Published in [A4]. 
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It was previously reported that a clear SERS effect can be obtained for 

nanocomposites with 11.3 at.% silver [119]. The findings of this study are consistent 

because the sample with 14.1 at.% silver (DLC:Ag-14) showed the most expressed 

Raman scattering spectrum peaks. However, the specific number for the 

enhancement factor could not be determined due to the differences in the intensity of 

Raman scattering spectra when investigating different spots on the same sample. 

Two of the samples (with 6.0 at.% and 15.3 at.%) have more complicated spectra, 

which is quite different from the rest of the samples. It could be the influence of the 

particle sizes and the distance between them on SERS, which was reported in [119]: 

The SERS signal increases with the increasing particle size and with the decreasing 

interparticle distance. In fact, the average nanoparticle diameters of samples 

DLC:Ag-6 and DLC:Ag-15 were among the biggest ones (Fig. 4.17). The 

interparticle distance was not measured for the samples, only area fractions were 

investigated (Fig. 4.16b), thus a full conclusion about the reason of the emerging 

additional peaks in Raman scattering spectra cannot be given yet. It could also be 

related to some contamination of the samples. 

In addition to the increased D and G peaks, other peaks also emerge in the 

nanocomposite Raman spectra (Fig. 4.21). The peak at 932 cm
-1

 is commonly found 

in samples on quartz substrate and is related to SiC bond [179, 180]. This peak, 

although much smaller in comparison with other peaks in the spectrum, is present in 

the spectra of samples DLC:Ag-2, DLC:Ag-2’, DLC:Ag-6, DLC:Ag-8, and 

DLC:Ag-14 (see Fig. 4.21). The peak intensity depends on the thickness of the film 

and the SERS effect. Without the SERS effect, the peak should increase with the 

decreased thickness of the thin film. The shoulder at 1245 cm
-1

 is known to increase 

with the increasing hydrogen content in the film and is related to transpolyacetylene 

(TPA) [58, 181, 182]. Smaller repetitive peaks above 1700 cm
-1

 are related to carbon 

chains of various lengths (C-chains) [183, 184]. 

4.1.3.3. Optical spectroscopy results 

DLC-0, DLC:Ag-8 and DLC:Ag-14 samples on quartz substrate were 

measured in an integrating sphere with a trap in order to determine the diffused 

reflectance and the validity of Equation (3.11) usage so that to determine 

absorbance. The obtained spectra are depicted in Fig. 4.22. For all the three samples, 

the spectra are monotone, the reflectance increases towards longer wavelengths. 

DLC:Ag-14 demonstrated higher diffused reflectance than the two other tested 

samples, and also the increase of reflectance towards the longer wavelengths was 

more rapid. It can be assumed that, for samples with lower metal concentration, 

diffused reflection is negligible, and Equation (3.11) holds. Samples with a higher 

metal content might require taking diffuse reflection into account. Since only 

relative absorbance difference between the samples is important for further 

experiments, it was decided not to use different methods, but rather to normalize the 

absorbance spectra, thus making absorbance qualitative and not quantitative. 
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Fig. 4.22. Diffused reflectance spectra of DLC and DLC:Ag samples. 

The normalized absorbance spectra of DLC:Ag samples on quartz substrates 

as calculated by using Equation (3.11) are depicted in Fig. 4.23 with the offset of 

each curve for clarity. DLC:Ag-8 and DLC:Ag-14 (in Fig. 4.23 legend, denoted as 

7.9 at.% and 14.1 at.%, respectively) have broad absorbance peaks at 390 nm and 

530 nm, respectively. Moreover, DLC:Ag-14 has a shoulder at 383 nm. The 

remaining samples also exhibit broad peaks or shoulders in the range of 363–

412 nm. All of these peaks in DLC:Ag samples can be attributed to LSPR. All 

DLC:Ag samples exhibit reduced absorbance towards the IR range and also a 

minimum in UV at around 315–333 nm. Thicker samples absorb more, and thus it is 

not possible to quantitatively compare the differences in DLC:Ag spectra in the IR 

region. As expected, the absorbance spectrum of DLC (both thicknesses) is different 

from the nanocomposite spectra: it is more monotonous, and absorbance decreases 

with the increasing wavelength. DLC is almost transparent from 600–700 nm. This 

is a typical spectrum of a-C:H type DLC, as deposited from a C2H2 precursor [178]. 
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Fig. 4.23. Normalized and shifted for clarity optical absorbance spectra of DLC:Ag and DLC 

samples. The legend indicates silver atomic content in the sample. Here, the dashed lines are 

pure DLC (
1
DLC-0, 

2
DLC-0’), and the solid lines are DLC:Ag (the colour darkens with the 

increasing silver concentration, 
3
DLC:Ag-14, 

4
DLC:Ag-14’). Black dots mark absorbance 

peaks used in Fig. 4.24. Published in [A4]. 

The imaginary part of dielectric function ε2 of DLC (obtained by SE, Fig. 4.3) 

which describes the losses in the material agrees well with the absorbance spectra 

(the intermittent lines in Fig. 4.23): with the increasing wavelength, the value of ε2 

decreases and becomes constant in the infrared region, which is also true for 

absorbance. 

The bimodal nature of the nanoparticle size distribution of the DLC:Ag-14 

sample (see Fig. 4.17) can already be predicted from its absorbance spectrum (Fig. 

4.23) since the latter has not only a peak, but also a shoulder. This is consistent with 

DLC:Ag-6, DLC:Ag-8, and DLC:Ag-15 samples which have single peaks in the 

absorbance spectra, and their nanoparticle size distributions are unimodal. 

DLC:Ag-7 demonstrates a fairly clear absorbance peak which is in between the 

shoulder and the peak of DLC:Ag-14 sample. This is consistent with nanoparticle 

distributions because DLC:Ag-7 had an increased number of nanoparticles with 

diameters of 15–35 nm, which is, consequently, in between DLC:Ag-14 xc values of 

17 nm and 46 nm. 

The absorbance peak position for DLC:Ag was determined from the spectra in 

Fig. 4.23 (black dots), and its dependence on the central diameter of Ag 

nanoparticles in DLC:Ag thin films determined from lognormal fitting (see Fig. 

4.17) was investigated. The resulting data from DLC:Ag-6, DLC:Ag-8, DLC:Ag-14, 

and DLC:Ag-15 and the linear fit are depicted in Fig. 4.24. For some samples, the 
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data was omitted from the investigation because xc values were not available: 

DLC:Ag-7 and DLC:Ag-14’ diameter distributions do not follow the lognormal law, 

whereas DLC:Ag-2 and DLC:Ag-2’ do not have particles suitable for distribution 

analysis. The rest of the data seems to follow the quasi-linear relation, and the 

increased size of nanoparticles results in the red-shift of the absorbance peak, which 

is consistent with other studies [4, 185, 186]. The deviation from true linear 

dependence could be related to the broadness of absorbance peaks. 

 

Fig. 4.24. Absorbance peak position dependence on xc values of silver nanoparticle diameters 

(DAg) in DLC:Ag thin films. The grey line is linear fit to the data (R
2
 = 0.43). 

4.1.3.4. Spectroscopic ellipsometry results 

Spectroscopic ellipsometry experimental curves together with the fitted ones 

(best fit) of DLC:Ag samples are presented in Fig. 4.25 (Δ) and Fig. 4.26 (Ψ). The 

dashed (fitted) curves match the solid (experimental) curves very well, and it can be 

concluded that the created optical model (described in the Modelling of 

ellipsometric parameters chapter) is suitable to describe DLC:Ag. When comparing 

DLC:Ag with at least 7.9 at.% silver ellipsometric spectra (Fig. 4.25, Fig. 4.26) with 

its absorbance spectra (Fig. 4.23), it can be noted that the extrema of the spectra fall 

into a very similar position: slightly above 300 nm. 
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Fig. 4.25. Experimental (grey solid) and best fit (dashed) curves of ellipsometric parameter Δ 

of DLC:Ag samples on silicon substrate. The percentage indicates the atomic concentration 

of silver in the samples. The arrow and the changing colours indicate angle of incidence θ 

from 45° or 60° to 75° in steps of 5°. 
1
DLC:Ag-14, 

2
DLC:Ag-14’. Presented in [B1, B2, B8, 

B10, B12]. 
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Fig. 4.26. Experimental (grey solid) and best fit (dashed) curves of ellipsometric parameter 

Ψ of DLC:Ag samples on silicon substrates. The percentage indicates the atomic 

concentration of silver in the samples. The arrow and the changing colours indicate angle of 

incidence θ from 45° or 60° to 75° in steps of 5°. 
1
DLC:Ag-14, 

2
DLC:Ag-14’. Presented in 

[B1, B2, B8, B10, B12]. 

The goodness of fit, total thickness, effective metal volume concentration, and 

effective refractive index at 632.8 nm wavelength obtained from SE measurements 

for DLC:Ag samples are presented in Table 4.7. From R
2
 and RMSE values in Table 
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4.7, it can be seen that the model (Cody-Lorentz dispersion law for DLC, 

Bruggeman EMA for the nanocomposite layer) fits the data exceptionally well with 

R
2
 > 0.95 and RMSE < 2.94. 

Table 4.7. Spectroscopic ellipsometry fitting results for DLC:Ag samples: R
2
 is the 

determination coefficient, RMSE is the root mean square error, d is thickness, C is metal 

volume concentration, neff is the effective refractive index of the whole nanocomposite film 

at 632.8 nm wavelength. The values are averages obtained from multiple measurements with 

standard deviations. 

Sample R
2
 RMSE d (nm) C (V.%) neff 

DLC:Ag-2 0.96 ± 0.03 1.95 ± 0.30 74.7 ± 17.4 6 ± 3 1.99 ± 0.40 

DLC:Ag-2’ 0.96 ± 0.02 2.54 ± 0.76 54.5 ± 23.2 8 ± 4 1.86 ± 0.42 

DLC:Ag-6 0.97 ± 0.01 2.10 ± 0.29 61.0 ± 11.7 10 ± 3 1.99 ± 0.16 

DLC:Ag-7 0.97 ± 0.01 2.40 ± 0.90 57.1 ± 10.1 7 ± 1 2.17 ± 0.16 

DLC:Ag-8 0.97 ± 0.02 1.88 ± 0.69 57.8 ± 13.9 9 ± 4 2.18 ± 0.14 

DLC:Ag-14 0.95 ± 0.03 2.94 ± 1.55 42.5 ± 12.9 26 ± 15 2.11 ± 0.76 

DLC:Ag-14’ 0.97 ± 0.01 2.19 ± 0.28 65.5 ± 12.1 20 ± 3 2.75 ± 0.42 

DLC:Ag-15 0.96 ± 0.02 1.93 ± 0.64 50.1 ± 20.2 21 ± 10 2.19 ± 0.40 

 

The complete information about the employed DLC:Ag multilayered optical 

model for spectroscopic ellipsometry is given in Table 4.8. DLC:Ag samples not 

mentioned in the table were fitted by using a single layer for the nanocomposite, 

thus the results are directly presented in Table 4.7. Contrary to DLC:Cu 

nanocomposites, DLC:Ag samples were fitted by using the optical model with fewer 

layers because it significantly reduces the fitting time, whereas the goodness of fit is 

still very good. 

Table 4.8. Optical 2-layer model parameters of DLC:Ag thin film obtained by spectroscopic 

ellipsometry. Here, d is the thickness of the layer, C is the volume concentration of silver, n 

is refractive index at 632.8 nm wavelength. The values are presented with standard 

deviations. 

Sample Parameter Layer No. 

1 2 

DLC:Ag-2 d (nm) 33.5±16.5 41.2±12.4 

C (V.%) 5.1±2.3 5.1±4.4 

n 1.96±0.70 1.78±0.62 

DLC:Ag-2’ d (nm) 24.7±13.9 29.8±13.4 

C (V.%) 11.9±10.8 5.8±4.7 

n 1.96±0.55 1.69±0.48 

DLC:Ag-6 d (nm) 30.0±10.9 31.0±12.2 

C (V.%) 11.2±4.0 9.1±4.0 

n 2.07±0.79 1.65±0.63 

DLC:Ag-7 d (nm) 31.6±14.5 25.5±7.3 

C (V.%) 3.9±4.0 9.7±6.0 

n 2.52±0.64 1.91±0.11 

DLC:Ag-14’ d (nm) 42.4±6.7 23.0±9.8 

C (V.%) 19.1±6.7 21.8±5.7 
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n 3.15±0.41 1.84±0.93 

DLC:Ag-15 d (nm) 24.7±12.6 25.3±14.2 

C (V.%) 25.2±17.3 14.1±5.8 

n 3.05±0.92 1.60±0.42 

 

The thickness values of the nanocomposites as determined by various 

techniques are compared in Table 4.9. DLC:Ag-2 thickness from SE is lower than 

that determined from TEM. This difference could be caused by an assumption in the 

SE model that the sample has silver nanoparticles, however, they were very scarce. 

The most prominent disagreement in the thickness values stems from quartz 

microbalance. DLC:Ag tend to exhibit much higher thicknesses according to quartz 

microbalance. Also, DLC:Ag samples are distinct with their high standard 

deviations in SE measurements. The measurements were obtained at different spots 

on the sample, and some of them had colour changes across the sample. This could 

indicate variations in the film thickness. Additionally, differences in the results 

might be due to surface roughness. The same reasoning is valid for the thickness of 

DLC (Table 4.1). 

Table 4.9. The comparison of DLC:Ag and DLC thickness obtained by different techniques: 

quartz microbalance during the deposition, transmission electron microscopy (TEM), and 

spectroscopic ellipsometry (SE). 

Sample Thickness (nm) 

Quartz 

microbalance 

TEM SE
a
 

DLC:Ag-2 140 117.7 74.7 ± 17.4 

DLC:Ag-2’ 100 - 54.5 ± 23.2 

DLC:Ag-6 120 - 61.0 ± 11.7 

DLC:Ag-7 100 - 57.1 ± 10.1 

DLC:Ag-8 60 - 57.8 ± 13.9 

DLC:Ag-14 60 - 42.5 ± 12.9 

DLC:Ag-14’ 160 - 65.5 ± 12.1 

DLC:Ag-15 100 26.8-74.8 50.1 ± 20.2 
a
The error value in spectroscopic ellipsometry results is the standard deviation of the values 

obtained for the same sample at different spots. 

 

Silver volume concentration and refractive index dependencies on silver 

atomic concentration are summarized in Fig. 4.27. The linear model fits the data 

reasonably well in both cases. In Fig. 4.27b, the pure DLC refractive index value is 

also included (i.e., the average of DLC-0 and DLC-0’), which also agrees with the 

linear fit. A good linear fit of differently estimated silver concentrations should be 

expected and proves that spectroscopic ellipsometry is a feasible approach to 

determine the volume concentration of metal particles in a nanocomposite film. 
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Fig. 4.27. Silver volume concentration (a) and refractive index of DLC:Ag at 632.8 nm 

wavelength (b) determined from SE dependencies on atomic silver concentration determined 

from EDS. Dots are the average values obtained from SE fittings, and error bars are standard 

deviations. Grey lines are linear fits (R
2
 = 0.77 and R

2
 = 0.87, respectively). 

By comparing silver and copper containing DLC thin films refractive indices 

dependencies on metal concentrations (Fig. 4.27a and Fig. 4.12a, respectively), it is 

visible that they are both increasing at relatively low metal concentrations. At higher 

metal concentrations, the DLC:Cu refractive index starts to decrease. Further 

research with higher silver concentrations would be of interest in order to discover 

whether the increasing trend continues or starts to drop as in the case of DLC:Cu. 

The dielectric functions obtained from SE fittings for DLC:Ag samples are 

summarized in Fig. 4.28 (ε1) and Fig. 4.29 (ε2). DLC:Ag dielectric functions agree 

with the absorbance spectra (Fig. 4.23) by having a dip at approximately 330 nm. 

This dip was not observed in DLC dielectric functions (Fig. 4.3) and thus is a result 

of silver in the thin film. In the case of pure silver (Fig. 2.2), there is a peak at the 

same wavelength in ε1 and a dip in ε2. As the extrema features of the metals are 

preserved, the nanocomposites are still plasmonic. The values of dielectric functions 

of DLC:Ag (Fig. 4.28, Fig. 4.29) are very different from pure silver (Fig. 2.2). The 

real part of the dielectric function no longer features a negative part, and, in most 

cases, it is very constant: it changes very slightly with the change of the wavelength. 

This is partly because the results are averaged throughout the sample, which might 

have some inconsistencies in the film. When incorporated in the device, the material 

could work the same way at any incident light, thus making it a versatile option. The 

imaginary part of the dielectric function exhibits lower values in nanocomposites 

than in pure silver. This is advantageous because it indicates lower losses in the 

material. 
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Fig. 4.28. The real part (ε1) of dielectric function of DLC:Ag nanocomposite films. Black 

line is average value obtained after fitting all the measured spots on a sample. The grey 

shaded area represents the lowest and highest values from fitting. The percentage is the 

atomic concentration of silver in the film. 
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Fig. 4.29. The imaginary part (ε2) of dielectric function of DLC:Ag nanocomposite films. 

Black line is average value obtained after fitting all measured spots on a sample. The grey 

shaded area represents the lowest and highest values from fitting. The percentage is the 

atomic concentration of silver in the film. 

4.2. Periodic structures in thin films 

After the investigation of pristine nanocomposites, the next step was to create 

periodic patterns in them. At first, interference patterns were calculated (Fig. 4.30) 
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by using MATLAB software and laser beam interference formalism which was 

extensively described in [A2] in order to investigate the possible geometries. These 

models can be used to predict the pattern for both holographic lithography and direct 

laser interference patterning. 

 

Fig. 4.30. Two beam interference field models for different numbers of exposure and angles 

between them: single exposure (0°), double exposure (15°–90°), and triple exposure (60°, 

120°). Red parts correspond to maxima, while blue parts correspond to minima. Published in 

[A2]. 

The modelling was tested while fabricating structures in photoresist by 

employing the holographic lithography technique. The obtained pitch of the periodic 

structures was 1.2 μm. The fabricated structures were with periodicities in one and 

two dimensions (Fig. 4.31, the angle between exposures is indicated above each 

image) with the corresponding point lattice types: rhombus (15°, 30°, 45°, 75°), 

triangular (60°, triple exposure with 60° and 120°), and square (90°). The rotational 

symmetry of 2D structures was 2-fold (15°, 30°, 45°, 60°, 75°), 4-fold (90°), or 

6-fold (triple exposure with 60° and 120°). By comparing the calculated models as 

shown in Fig. 4.30 and the micrographs of the corresponding patterns in Fig. 4.31, it 

is clear that the experiment matches the modelling exceptionally well. The variations 

from the ideal shapes of the patterned structures appear from the local variations of 

the exposure intensity or the thickness of the photoresist. Not all of the patterns were 

exposed through the full depth of the photoresist, which resulted in a reduced 

contrast of the periodic pattern (Fig. 4.31 30°, 75°, and triple exposure). In 

holographic lithography, the pattern quality depends on the ratio of exposure times. 

The quality is described as the intensity of diffracted light from the pattern in the 

first order maxima. It is the highest when all of the first diffraction maxima have the 

same intensity. Three exposures of equal durations gave the worst efficiency of light 

in the diffracted first order maxima. Thus, the duration of each exposure must be 

tailored individually to obtain the best results. 
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Fig. 4.31. SEM micrographs of 1D (0°, single exposure) and 2D (15°–90° double exposures, 

60°, 120° triple exposure) periodic structures in photoresist on glass substrates fabricated by 

HL. Mark size is 3 μm. Published in [A2]. 

The FFTs of images of periodic structures in photoresist fabricated by 

holographic lithography are depicted in Fig. 4.32. It is evident that different point 

lattice and symmetry types yield unique diffraction patterns. 

 

Fig. 4.32. FFTs of 1D (0°, single exposure) and 2D (15°–90° double exposures, 60°, 120° 

triple exposure) periodic structures in photoresist from optical microscope and SEM (Fig. 

4.31) micrographs. Published in [A2]. 
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As the calculated patterns were verified in the photoresist by using holographic 

lithography, the simplest cases were carried out in nanocomposite by using direct 

laser interference patterning. The resulting structure of double DLIP with a 90° 

angle in between irradiations in DLC:Ag-7 is depicted in Fig. 4.33. A lower 

magnification micrograph (Fig. 4.33a) also shows unaffected film on the left for 

better understanding of the affected area. A close-up micrograph (Fig. 4.33b) shows 

square formations of silver nanoparticles with a pitch in both directions of about 

1.3 μm. In between the squares, the nanoparticles seem to be removed, or at least 

their concentration is effectively reduced. 

 

Fig. 4.33. SEM micrographs of two magnifications of 2D (double irradiation with 90° angle) 

periodic structures in DLC:Ag-7 thin film fabricated by DLIP with 4 mJ/cm
2
 laser fluence 

and 1000 pulses. One of the square formations of silver nanoparticles is marked for clarity. 

Mark sizes are 20 μm (a) and 1 μm (b). 

Even though the 2D pattern was successfully implemented in the DLC:Ag thin 

film, the best laser parameters for DLIP still had to be determined. It was decided to 

systematically study the effects of laser fluence and the number of pulses on the 1D 

periodic pattern and silver nanoparticles. The structures with two pitches in DLC:Ag 

were fabricated: 564 ± 14 nm and 1306 ± 46 nm as determined from the FFTs of 

SEM and HIM micrographs. Typical SEM and HIM images are depicted in Fig. 4.34 

(DLC:Ag-8, 564 nm), Fig. 4.35 (DLC:Ag-8, 1306 nm), Fig. 4.36 (DLC:Ag-14, 

564 nm), Fig. 4.37 (DLC:Ag-14, 1306 nm), Fig. 4.38 (DLC-0), and Fig. 4.39 

(Ag-100). 
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Fig. 4.34. Micrographs of 564 nm pitch periodic structures in DLC:Ag-8 on silicon (a, SEM) 

and quartz (b, HIM) substrates. Mark size is 500 nm. Laser fluence is indicated to the left of 

the image, while the number of pulses is at the top. Published in [A4], presented in [B5, B9, 

B11]. 
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Fig. 4.35. Micrographs of 1306 nm pitch periodic structures in DLC:Ag-8 on silicon (a, 

SEM) and quartz (b, HIM) substrates. Mark size is 1 μm. Laser fluence is indicated to the left 

of the image, while the number of pulses is at the top. Published in [A4], presented in [B4, 

B5]. 
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Fig. 4.36. Micrographs of 564 nm pitch periodic structures in DLC:Ag-14 on silicon (a, 

SEM) and quartz (b, HIM) substrates. Mark size is 500 nm. Laser fluence is indicated to the 

left of the image, while the number of pulses is at the top. Published in [A4], presented in 

[B4, B5]. 
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Fig. 4.37. Micrographs of 1306 nm pitch periodic structures in DLC:Ag-14 on silicon (a, 

SEM) and quartz (b, HIM) substrates. Mark size is 1 μm. Laser fluence is indicated to the left 

of the image, while the number of pulses is at the top. Published in [A4], presented in [B5, 

B11]. 
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Fig. 4.38. HIM micrographs of periodic structures in DLC-0: (a) 564 nm on silicon substrate, 

mark size is 500 nm, (b) 1306 nm on silicon substrate, mark size is 1 μm, (c) 564 nm on 

quartz substrate, mark size is 500 nm, (d) 1306 nm on quartz substrate, mark size is 1 μm. 

The laser fluence and the number of pulses are indicated to the left and at the top of the 

image, respectively. Published in [A4], presented in [B4, B5, B11]. 

A pure silver thin film (Ag-100, Fig. 4.39) was irradiated specifically with 

higher laser fluence. However, the patterning was not successful: lower fluences 

resulted in a very small patterned area, while, at the highest, 145 mJ/cm
2
, fluence, 
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the film was perforated and the substrate was ablated. Henley et al. reported that 

thinner films require higher laser fluence for structurization. The authors observed 

similar perforation of thinner nickel films upon laser irradiation, while thicker films 

broke up into discrete particles [187]. Delamination of a tetrahedral amorphous 

carbon film from the silicon substrate was also reported in [63]. This was associated 

with the distances between the interference maxima being shorter than the thermal 

diffusion length of silicon. Thus, the heat conducts through the film into the 

substrate and results in melting and delamination. 

 

Fig. 4.39. SEM micrographs of 564 nm periodic structures in Ag-100 film on silicon (a) and 

quartz (b) substrates. Mark size is 2 μm. Published in [A4], presented in [B4, B5, B11]. 

Representative FFTs of micrographs of DLC:Ag and DLC periodic structures 

are presented in Fig. 4.40 and Fig. 4.41, respectively. Well pronounced periodic 

patterns have clear FFTs. When the pattern appears without sharp edges (with a 

slight grey gradient in the image, common to DLC-0 HIM micrographs), the FFT 

still shows a good diffraction image, and thus the patterning can be considered 

successful. In Fig. 4.40, at both pitches, FFTs of 1 mJ/cm
2
 and 1 000 pulses have 

only single white dot in the centre, and it means that the pattern at this energy 

density does not exist. The same is valid for DLC at 17 mJ/cm
2
 and 1 000 pulses 

(Fig. 4.41). When comparing FFTs of different pitches, it is evident that, for a higher 
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pitch, the maxima in the FFTs (bright spots) are closer together (the comparison is 

valid when FFTs are obtained from the same magnification images). 

 

Fig. 4.40. FFTs of periodic structures in DLC:Ag-8 sample on silicon substrate obtained 

from SEM micrographs (Fig. 4.34, Fig. 4.35) of 564 nm and 1306 nm pitches and affected 

with 1–17 mJ/cm
2
 laser fluence and 1 000–125 000 pulses. Published in [A4], presented in 

[B11]. 

 

Fig. 4.41. FFTs of periodic structures in DLC-0 sample on quartz substrate obtained from 

HIM micrographs (Fig. 4.38b) of 1306 nm pitch and affected with 17 mJ/cm
2
 laser fluence 

and 1 000–125 000 pulses. Published in [A4]. 

The cross-section of the DLC:Ag sample with the highest silver content 

(15.3 at.%) after irradiation with the highest number of pulses (125 000) was 

investigated by using HIM. This was possible after the removal of the material with 

a gallium ion beam which is available at the same HIM system. The corresponding 

micrographs are depicted in Fig. 4.42. The laser affected depth was determined to be 

around 35 nm. As it was already noticed for pristine DLC:Ag films (Fig. 4.18, Fig. 

4.19), silver nanoparticles are still situated more on the surface of the film than in it. 

After laser irradiation, nanoparticles became bigger and less dense. 
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Fig. 4.42. HIM cross-section micrographs of DLC:Ag with 15.3 at.% silver on silicon 

substrate after irradiation with 125 000 pulses and 11 mJ/cm
2
 (mark size is 500 nm) and 

17 mJ/cm
2
 (mark size is 200 nm). Arrows indicate the affected depth of the film. Presented 

in [B3, B7, B13]. 

4.2.1. Tendencies of the width of laser irradiated line 

The investigation of the laser affected line width W, as obtained from 

micrographs as shown in Fig. 4.34–Fig. 4.37, dependence on the applied number of 

pulses is depicted in Fig. 4.43. With the increasing number of pulses, the width of 

the affected line increases and approaches a value close to the pitch of the periodic 

structure. At higher laser fluences (11 and 17 mJ/cm
2
), the increase is faster (the 

steeper line increase in the graph) compared with the lower fluence (6 mJ/cm
2
). 

 

Fig. 4.43. Dependence of laser affected line width W on the number of applied pulses N in 

564 nm (a–c) and 1306 nm (d–f) pitch cases at laser fluence of 6 mJ/cm
2
 (a, d), 11 mJ/cm

2
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(b, e), and 17 mJ/cm
2
 (c, f). Error bars are the standard deviation of multiple measurements. 

The lines only serve as guides for the eyes. Published in [A4], presented in [B11]. 

When the interference field is employed for patterning, the sample surface is 

affected only at the vicinity of the interference maxima where the intensity value is 

above the threshold (Fig. 2.4). When increasing the laser intensity, the larger part of 

the interference field is above the threshold, which results in wider features on the 

sample surface. Additionally, when applying multiple pulses on the same spot, the 

threshold value is lowered, and thus the width can be increased without the change 

in laser fluence. When irradiated up to 27 000 pulses, the width of the laser affected 

line increases up to 2 times. A further increase of the number of pulses results in an 

additional increase in the laser affected line width of up to 1.2 times. When the 

intensity of two interfering beams is equal, the light intensity in the interference 

minima is equal to zero. This means that the light at the minima cannot reach the 

intensity above the threshold and there should always be at least a very narrow 

unaffected line. This explains why the width dependence on laser fluence and the 

number of pulses reaches the saturation value close to the pitch. Similar results were 

previously reported on the ablation of nickel foil when using the same DLIP setup: 

very narrow lines remained at the maximum applied laser energy density [123]. 

At first, it was assumed that the analysis of the width could lead to the 

patterning threshold value. However, the sinusoidal nature of the interference field 

made it hard to determine some of the edges of the laser affected lines thus 

introducing errors in measurements. Taking into account the data only from 

micrographs with the sharpest contrast between the affected and the unaffected lines, 

the data set was too small to make confident conclusions, and the patterning 

threshold determination from the width analysis became unfeasible. 

4.2.2. Patterning and ablation thresholds 

The patterning threshold for DLC:Ag was determined from the FFTs (Fig. 

4.40) of SEM and HIM micrographs: when the diffraction pattern is present at the 

FFT, the fluence was assumed to be above the patterning threshold. When the FFT 

had a single bright spot in the centre, the fluence was assumed to be below the 

threshold. However, this method offers only an approximate value of the patterning 

threshold, and the real threshold is in between the two (below/above) determined 

values. For DLC:Ag-8, the determined patterning threshold values are below 

6 mJ/cm
2
 (1 000 pulses), 3 mJ/cm

2
 (8 000 pulses), and 1 mJ/cm

2
 (27 000 and more 

pulses). The DLC:Ag-14 patterning threshold is below 11 mJ/cm
2
 (1 000 pulses), 

6 mJ/cm
2
 (8 000 and 27 000 pulses), and 3 mJ/cm

2
 (64 000 and 125 000 pulses). 

These values are valid for the studied thin films on both silicon and quartz 

substrates. 

The patterning of the silver thin film resulted in perforation, and, because of 

that, it was assumed that the applied laser fluence was below the threshold, i.e., the 

threshold is above 145 mJ/cm
2
 at any number of applied pulses. 

DLC was additionally irradiated with increased laser fluence. The optical 

microscope images of the resulting patterned areas are depicted in Fig. 4.44. After 

measuring the diameter D of each irradiated area, the ablation threshold of DLC was 



91 

determined from Eq. (3.2): D
2
 dependence on lnΦ was plotted, and the linear fit was 

applied (Fig. 4.45). This approach was suitable for the case of DLC because the 

entire irradiated areas can be approximated into the Gaussian shape. The threshold 

value for a certain number of pulses is the one at the intersection of the linear fit 

with the x axis. The obtained values were plotted as dependence on laser pulses (the 

natural logarithm scale), and, again, the linear fit was applied (Fig. 4.46). The 

ablation threshold for a single pulse was obtained from the intersection of the linear 

fit with the y axis. 

 

Fig. 4.44. Optical microscope images of DLC-0 sample after irradiation with 50 mJ/cm
2
 

laser fluence and 1 000 pulses (a, c) and 145 mJ/cm
2
 laser fluence and 125 000 pulses (b, d). 

Mark sizes are: 100 μm (a, b), 15 μm (c, d). Dashed white circles were used for measuring 

the diameter of the irradiated area. Published in [A4], presented in [B11]. 

 

Fig. 4.45. Laser affected area diameter D dependence on laser fluence Φ for the DLC-0 

sample on quartz and silicon substrates. Different symbols represent different numbers of 

pulses: square – 1 000, circle – 8 000, up-triangle – 27 000, down-triangle – 64 000, rhombus 

– 125 000 (the arrow indicates the direction of the increasing number of pulses). Lines are 

linear fits (R
2
 ≥ 0.93). Published in [A4], presented in [B11]. 



92 

 

Fig. 4.46. Threshold fluence Φth dependence on the number of laser pulses N for DLC-0 

sample on quartz (black squares) and silicon (grey circles) substrates. The lines are linear fits 

(R
2
 ≥ 0.93). Published in [A4], presented in [B11]. 

The summary of the obtained threshold values is presented in Table 4.10. As it 

can be seen, applying multiple pulses effectively lowered the patterning threshold of 

DLC:Ag and the ablation threshold of DLC. This is consistent with the incubation 

effect. The ablation threshold of DLC was lowered up to 8 times if comparing the 

single pulse and 125 000 pulses. Previously, Di Niso et al. reported that the ablation 

threshold of stainless steel is effectively lowered 4 times by applying 25 000 pulses 

compared to a single pulse [126]. Even though the tested materials are different, the 

results are very similar: in our case, the ablation threshold of DLC was lowered 

approximately 5 times at 27 000 pulses. The incubation effect can be explained by 

surface modification from multiple pulses which lowers the reflectivity and thus 

increases the absorbance of laser light [95]. The incubation effect is also present for 

the patterning threshold as the DLC:Ag patterning threshold was reduced 6–11 times 

depending on the silver content in the film. This is also indirectly evident from the 

laser affected lines width analysis when the affected lines become wider with the 

increased number of pulses. Since patterning does not necessarily require removal of 

material, the patterning threshold of DLC is lower than its ablation threshold. 

Table 4.10. Summary of obtained patterning (DLC:Ag, DLC) and ablation (DLC, Ag) 

threshold values. 

Sample Threshold fluence (mJ/cm
2
) at a certain number of pulses 

1 1 000 8 000 27 000 64 000 125 000 

DLC:Ag-8 N/A
a
 <6 <3 <1 <1 <1 

DLC:Ag-14 N/A
a
 <11 <6 <6 <3 <3 

DLC-0 on silicon
b
 N/A

a
 <6 <3 <3 <3 <3 

DLC-0 on quartz
b
 N/A

a
 >17 >17 <17 <11 <11 

DLC-0 on silicon
c
 148 45 26 22 21 18 

DLC-0 on quartz
c
 156 51 41 32 28 24 

Ag-100 N/A
a
 >145 >145 >145 >145 >145 

a
Due to a different methodology, it was not possible to obtain single pulse threshold values. 

b
Patterning threshold. 

c
Ablation threshold. 
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By comparing the absorbance of DLC and DLC:Ag samples (Fig. 4.23), it can 

be noted that DLC has a lower absorbance than DLC:Ag. This suggests that the 

DLC ablation/patterning threshold should be higher than in the case of DLC:Ag, 

which is confirmed by comparing the multiple pulses threshold values (Table 4.10). 

The difference in the DLC:Ag and DLC patterning thresholds is most probably due 

to LSPR induced effective light absorption in silver nanoparticles as well as because 

of the field enhancement phenomenon at the silver-DLC interface under intense light 

irradiation. Stalmashonak et al. investigated isolated silver nanoparticles in a glass 

matrix and noticed that a region of smaller nanoparticles is generated around the 

main particle after laser irradiation, which was addressed to the electric field 

exceeding the breakdown of glass, and high-density electron plasma was formed 

around the metal nanoparticle [188, 189]. In our case, the density of nanoparticles in 

the nanocomposite was much higher, thus, the particles were able to interact with 

each other, and no smaller residual particles around the main particle after ablation 

are observed. This could be explained by immediate redistribution of these particles 

with the neighbouring ones. 

The extrapolated DLC ablation and patterning thresholds are not the same on 

different substrates (Table 4.10). This can be explained by the difference in the 

refractive index (at 515 nm nSi = 4.21 [190], nQ = 1.46 [191]), reflectivity, and the 

absorption of the substrates. The obtained ablation threshold values are slightly 

smaller than those reported by other authors (Table 4.11), but this can be explained 

by different laser wavelengths because DLC absorbance at 800 nm is lower 

compared to 515 nm absorbance in our experiments (Fig. 4.23). 

Table 4.11. Literature values of single pulse ablation threshold of Ag and DLC. 

Material Ablation threshold 

(mJ/cm
2
) 

Laser wavelength 

(nm) 

Laser pulse 

length 

Reference 

Ag 1500 800 100 fs [192] 

Ag 820 248 23 ns [193] 

Ag 170-1400
a
 515 200 fs [194] 

DLC 160
b
 800 150 fs [195] 

DLC 243-251 800 120 fs [196] 
a
Depends on numerical aperture. 

b
The number of applied pulses was not specified in the paper. 

 

By looking at the silver ablation threshold values determined by other authors 

(Table 4.11), it is apparent that, in this experiment, the maximum applied laser 

fluence (145 mJ/cm
2
) is much lower than the reported ablation thresholds. This 

explains why the patterning of the silver thin film was not successful. The 

delamination of the film is caused by the stresses and shockwaves generated by fs-

laser irradiation which causes the disruption in the interface of the metal film and 

substrate [197]. This effect can occur even after a single pulse, and thus subsequent 

pulses contribute to the patterning of the substrate instead of the silver thin film. 
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4.2.3. Size distributions of nanoparticles 

One sample (DLC:Ag-15) was tested under an optical dark-field microscope 

(Fig. 4.47). The unaffected part of the sample exhibits many different colours 

(green, red, yellow) which blend into a brown shade. In contrast, the affected part of 

the sample glows mostly in blueish and purplish colours which make up straight 

periodic lines. This difference indicates the change in the silver nanoparticles size 

after laser irradiation. 

  

Fig. 4.47. Dark-field microscopy image of DLC:Ag-15 sample: the left side is unaffected, 

and the right side is patterned by DLIP with Φ = 6 mJ/cm
2
 and N = 27 000 pulses. The pitch 

of the structure is 1306 nm. Mark size is 10 μm. 

As the change of the silver nanoparticle size after laser irradiation was already 

observed in cross-section micrographs (Fig. 4.42) and in a dark-field image (Fig. 

4.47), it was decided to systematically analyse the distributions of the particle size in 

DLC:Ag-8 and DLC:Ag-14 samples. The histograms with their corresponding 

lognormal fits, as obtained from Equation (3.5), are depicted in Fig. 4.48 

(DLC:Ag-8) and Fig. 4.49 (DLC:Ag-14). They show the change in the distribution 

of nanoparticle sizes after laser irradiation compared to the unaffected (N = 0) 

samples. 
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Fig. 4.48. Nanoparticle diameters distributions at 6–17 mJ/cm
2
 laser fluence and 0–125 000 

number of pulses of DLC:Ag-8 on silicon substrate at 564 nm (a) and 1306 nm (b) pitches. P 

represents a fraction of particles of each diameter compared to all the affected particles at 

specific energy densities (R
2
 ≥ 0.91). N = 0 represents unaffected sample. Published in [A4], 

presented in [B6, B7, B9, B11]. 
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Fig. 4.49. Nanoparticle diameters distributions at 6–17 mJ/cm
2
 laser fluence and 0–125 000 

number of pulses of DLC:Ag-14 on silicon substrate at 564 nm (a) and 1306 nm (b) pitches. 

P represents a fraction of particles of each diameter compared to all the affected particles at 

specific energy densities (R
2
 ≥ 0.76). N = 0 represents unaffected sample. Published in [A4], 

presented in [B11]. 

After the investigation of pristine samples (Fig. 4.17), it was observed that 

DLC:Ag-8 is denoted by unimodal distribution with the central diameter of 24 nm, 

while DLC:Ag-14 exhibits bimodal distribution with the central diameters of 17 nm 

and 46 nm. The change of the central diameters after laser irradiation (from Fig. 4.48 

and Fig. 4.49) is summarised in Fig. 4.50. DLC:Ag-8 nanoparticle distribution 



97 

remains unimodal at any laser irradiation level. However, the bimodal nature of 

DLC:Ag-14 is changed into unimodal distribution after irradiation with 

Φ = 11 mJ/cm
2
, N = 27 000. At 17 mJ/cm

2
 laser fluence, it also becomes unimodal. 

For both silver concentrations, the central diameter xc of the distribution shifts 

towards the larger particles with the increasing laser fluence, which indicates 

agglomeration or removal of smaller particles. At the same time, the particle density 

after laser irradiation is reduced up to 7 times compared to pristine samples, which 

backs-up the theory of agglomeration and removal. However, at a lower number of 

the applied pulses, the central diameter is lower than in pristine samples, which 

suggests fragmentation. It can be concluded that, initially, the particles are 

fragmented, but, later, agglomeration takes place, and, finally, removal (ablation) is 

observed. This is summarized in Fig. 4.51. Also, at the highest energy levels, the 

nanoparticles size distribution (Fig. 4.49) widens significantly, which indicates the 

presence of variously sized particles. Stietz et al. presented the possibility to tailor 

the nanoparticle shape by intense laser light in order to achieve a uniform 

distribution, which is feasible with thermal and non-thermal effects [198]. With this 

work, it was proved that homogenization is possible not only for nanoparticles on a 

substrate, but also in a matrix, i.e., for nanocomposites. 

 

Fig. 4.50. Central diameter xc of silver nanoparticles dependence on the number of applied 

pulses N for DLC:Ag-8 and DLC:Ag-14 in 564 nm and 1306 nm pitches at 3–17 mJ/cm
2
. 

The pristine (unaffected sample parts) values are horizontal lines with shaded area. Empty 

symbols and dashed lines represent the second peak characteristic to DLC:Ag-14. The lines 

only serve as guides for the eyes. Published in [A4]. 
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Fig. 4.51. Schematic illustration of the possible changes of silver nanoparticles in DLC:Ag-8 

and DLC:Ag-14 nanocomposites after laser irradiation by various energy densities. Presented 

in [B11]. 

It is reported that the plasmonic heating effect is capable of the manipulation 

of nanoparticles, e.g., embedding in a matrix, controlling of atomic switches [52, 

199, 200], etc. In the present work, the applied energy density was much higher, and 

the particles were not only heated, but also manipulated into a different shape. Thus, 

the heating effect can partly explain agglomeration. Another possible reason for 

agglomeration is the Ostwald ripening mechanism: the process of dissolution of 

smaller particles and the growth of larger particles at the expense of the smaller 

particles [201]. This phenomenon was observed in plasma etching of DLC:Ag with 

selective removal of the matrix [77]. Thus, it is very likely that Ostwald ripening 

also occurs for laser irradiated samples. 

4.2.4. Ellipsometric mapping of laser irradiated areas 

As it was proven in the previous chapter, laser irradiation changes the size of 

nanoparticles. Furthermore, the optical properties of nanocomposites depend on the 

size of nanoparticles. The change in these properties can be investigated by 

spectroscopic ellipsometry. Instead of the usual ellipsometric measurement which 

was not possible due to the small size of the affected zones, the ellipsometric map 

was obtained for the laser irradiated areas and their vicinity. The mapping of the 

DLC:Ag-8 sample was performed in two orientations with the plane of incident light 

perpendicular or parallel to the orientation of lines in the periodic pattern (Fig. 4.52). 

This was done in order to test the diffraction effect on ellipsometric parameters. 
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Fig. 4.52. Schematic illustration of the periodic lines orientation in respect to the plane of 

incident light for ellipsometry mapping: perpendicular to the lines of periodic pattern (⊥) and 

parallel (∥). 

The ellipsometric parameters map of DLC:Ag-8 is depicted in Fig. 4.53. The 

different orientations of periodic lines with respect to the plane of incidence light do 

not show any significant differences when comparing Fig. 4.53 top (perpendicular 

⊥) and bottom (parallel ∥) images. In the parallel direction, the tan(Ψ) map exhibits 

a slightly higher contrast of the irradiated areas, and the rows of 3–6 mJ/cm
2
 are 

better visible. The other difference is the elongation of the squares in different 

directions. This is caused by this specific spectroscopic ellipsometry system because 

the microspot used for measurements is not symmetrical: it is approximately 1.3 

times larger in one direction than in the other. Since the parallel and perpendicular 

directions did not show any significant differences, the DLC:Ag-14 sample was 

measured only in the perpendicular orientation. The corresponding DLC:Ag-14 SE 

map is depicted in Fig. 4.54. 
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Fig. 4.53. Ellipsometric mapping of DLC:Ag-8 on quartz substrate. The maps were obtained 

at two different sample orientations: the plane of incidence perpendicular to the lines of 

periodic pattern (⊥) and parallel (∥) to them. The map of tan(Ψ) (⊥) was obtained at 

813.7 nm wavelength, tan(Ψ) (∥) at 794.4 nm, while cos(Δ) (⊥) was obtained at 809.0 nm, 

cos(Δ) (∥) at 721.6 nm. The bright squares are laser affected areas with the laser fluence 

increasing from bottom (3 mJ/cm
2
) to top (17 mJ/cm

2
), and the number of pulses increasing 

from left (1 000) to right (125 000). The areas affected with 1 mJ/cm
2
 are not visible. 

Presented in [B8, B10]. 

 

Fig. 4.54. Ellipsometric mapping of DLC:Ag-14 on quartz substrate. The map of tan(Ψ) was 

obtained at 679.1 nm wavelength, while cos(Δ) was obtained at 587.0 nm. The bright squares 
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are laser affected areas with the laser fluence increasing from bottom (3 mJ/cm
2
) to top 

(17 mJ/cm
2
), and the number of pulses increasing from left (1 000) to right (125 000). The 

areas affected with 1 mJ/cm
2
 are not visible. Presented in [B8, B10]. 

In all ellipsometric maps of both DLC:Ag-8 and DLC:Ag-14, the laser 

affected areas are clearly visible, however, tan(Ψ) – related to the light intensity 

ratio – seems to be more sensitive because the affected areas have a higher contrast 

with the surrounding unaffected parts of the sample than in the cos(Δ) – related to 

phase difference – case. When increasing laser irradiation parameters (either the 

laser fluence or the number of the applied pulses), the contrast of the irradiated areas 

slightly increased when compared to the unaffected parts. The map of cos(Δ) of 

DLC:Ag-8 (the right part of Fig. 4.53) is not a good representation of laser effects 

because all the values are very similar, and it is impossible to distinguish between 

the squares affected by a different number of pulses. However, this cos(Δ) map 

perfectly shows the non-uniformity in the thin film: the optical properties gradually 

change from the lower left to the top right corner. If the film was more uniform, a 

better cos(Δ) contrast of the affected areas can be expected as in the case of 

DLC:Ag-14 (the right part of Fig. 4.54). This non-uniformity can be caused by 

different thickness of the film, which was already suspected from SE fitting (Table 

4.7), or from changes in the silver concentration. 

The spectroscopic ellipsometry map (Fig. 4.54) can be compared to the optical 

microscope image (Fig. 4.55). This image is a composite of 4 images and shows 

approximately the same area as the ellipsometry map. Visually, the SE map is very 

similar to what can be seen under optical microscope: with the increasing laser 

fluence, the contrast of the squares increases. The areas affected by the lowest laser 

fluence (1 mJ/cm
2
) are not visible as well as 3 mJ/cm

2
 fluence, 1 000–8 000 pulses. 

It appears that the areas affected by 3 mJ/cm
2
 fluence, 27 000 pulses and 6 mJ/cm

2
 

fluence, 1 000 pulses are slightly visible in the optical microscope image, but not in 

the ellipsometry map. However, choosing a different wavelength for the mapping 

could yield a different result, and these areas could actually be resolved at the 

expense of the contrast of other areas. 
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Fig. 4.55. Optical microscope composite image of DLC:Ag-14 sample on quartz substrate. 

The mark size is 500 μm. Presented in [B10]. 

Mapping by using a spectroscopic ellipsometer with an automatic sample stage 

and further filtering of the results takes a lot of time. In addition, the resolution of 

the final image is limited by the beam size. It would be more convenient to use an 

imaging ellipsometer specifically designed for the mapping of ellipsometric 

parameters. The imaging ellipsometer is a combination of a laser ellipsometer and a 

microscope, which gives a better resolution of the image with faster acquisition 

times. However, imaging ellipsometry is limited to a single wavelength. Thus, 

spectroscopic ellipsometry is advantageous over imaging ellipsometry due to the 

multiwavelength spectrum. It enables investigation of any material even when the 

highest sensitivity wavelength is unknown. 

4.2.5. Two-photon luminescence of laser irradiated area 

TPL (Fig. 4.56) was performed on two samples (DLC:Ag-14 and DLC:Ag-15) 

when using different systems as described in the Two-photon luminescence chapter. 

In both cases, the TPL signal was strong enough, and even the periodic lines in the 

patterns were clearly distinguished. More than a year passed between the deposition 

of the DLC:Ag-15 thin film and the TPL measurements, and, in that time, the 

sample was stored in ambient conditions. As it can be seen from the signal of the 

unaffected area (Fig. 4.56a, bottom), the TPL intensity is still sufficient. Thus, it can 

be concluded that the DLC matrix effectively protected silver nanoparticles from 

oxidation. When comparing TPL signal in Fig. 4.56b, it appears that the width of the 

bright lines (representing the unaffected parts of the sample) slightly decreases with 

the increasing number of pulses, as it was already detected from the analysis of SEM 

micrographs (Fig. 4.43). 



103 

  

Fig. 4.56. Two-photon luminescence images: a) of DLC:Ag-15, unknown location on the 

sample, obtained with the system from [40]. Mark size is 5 μm; b) of DLC:Ag-14 affected 

with 17 mJ/cm
2
 and specified pulses, 1306 nm pitch, obtained with the system from [165]. 

Mark size is 2 μm. 
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5. CONCLUSIONS 

1) The nanocomposite thin film of diamond-like carbon with copper 

nanoparticles tends to grow as a multilayered structure with alternating 

carbon- and copper-rich layers. This structuring can effectively be resolved 

in X-ray reflectivity and spectroscopic ellipsometry by creating varying 

copper concentration multilayered models for the interpretation of 

experimental data. The models are in good agreement with transmission 

electron microscopy and energy dispersive X-ray spectroscopy results. 

Contrary to copper containing films, diamond-like carbon with silver 

nanoparticles nanocomposites tends to form nanoparticles more on top of the 

film. Silver is susceptible to oxidation and sulfurization, but the two-photon 

luminescence signal shows that the plasmonic properties are preserved for a 

long time. 

2) In spectroscopic ellipsometry fitting, the optical model best fits the 

experimental data when diamond-like carbon is described by the Cody-

Lorentz dispersion law, and the nanocomposite is described by Bruggeman 

effective medium approximation. The obtained dielectric functions of copper 

(from 27.4 at.%) and silver (all concentrations) containing nanocomposites 

show features in the dielectric functions at 600 nm and 330 nm wavelengths, 

respectively, related to the plasmonic properties of these metals. 

3) Holographic lithography is a convenient technique for the patterning of 

photosensitive materials and is capable of imposing one-dimensional and 

two-dimensional periodic patterns with different symmetry and point lattice 

types. Unique structures can be predicted by modelling the interference field 

while taking into account the number of laser beams, their polarizations, the 

number of exposures, and the angle of incidence. The diffraction pattern of 

the fabricated structures can be visualised by taking a fast Fourier 

transformation of microscopy image of the corresponding structure. 

4) It was proven that direct laser interference patterning is a versatile and 

efficient method to create sub-micrometre range periodic lines in the 

diamond-like carbon matrix doped with silver nanoparticles. By changing 

the applied energy density, the line widths of 150–420 nm (for 564 nm pitch) 

and 400–960 nm (for 1306 nm pitch) were obtained. 

5) Femtosecond laser irradiation is also effective for changing the nanoparticle 

size distributions in already deposited nanocomposite thin films. The initial 

bimodal distribution with the central diameters of 17 nm and 46 nm of 

14.1 at.% silver in diamond-like carbon was successfully changed into 

unimodal with central diameters ranging from 14 nm (11 mJ/cm
2
 laser 

fluence, 64 000 pulses) to 69 nm (17 mJ/cm
2
 laser fluence, 64 000 pulses). 

The initial nanoparticle diameter unimodal distribution of the thin film with 

7.9 at.% silver in diamond-like carbon (the central diameter is equal to 

24 nm) is maintained after laser irradiation, but with the change in the 

central diameter: it is tailored from 13 nm (11 mJ/cm
2
 laser fluence, 8 000 

pulses) to 44 nm (11 mJ/cm
2
 laser fluence, 125 000 pulses). 
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6) The difference in absorption of diamond-like carbon and its nanocomposites 

with silver nanoparticles as well as the local field enhancement governed by 

localized surface plasmon resonance due to metallic nanoparticles are the 

main reasons for the reduction of the patterning threshold in nanocomposite. 

In order to pattern the nanocomposite, the required energy density is from 4 

times (at 1 000 pulses) up to 24 times (at 125 000 pulses) lower than for 

nanocomposites components separately (diamond-like carbon and silver). 

7) Nanocomposite patterning does not require the removal of material: the 

pattern is also obtained with slight modifications of the nanoparticle sizes. 

The process occurs at laser fluences at or above the patterning threshold. By 

further increasing the laser fluence above the ablation threshold, patterns 

with removed particles are obtained. Two-dimensional fast Fourier 

transformations of microscopy images are a fast and reliable way to test the 

quality of the patterned structures even when the pattern is not yet clearly 

expressed in the micrograph. 

8) Spectroscopic ellipsometry mapping reveals the impact of laser irradiation: 

the higher applied fluence or the higher number of pulses result in a higher 

contrast of the ellipsometric parameters when comparing the affected and 

unaffected areas. 
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