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Energy is a basic need for humanity. Photovoltaic (PV) technology represents a 

sustainable and environmentally friendly way for the conversion of sunlight into 

electricity and could provide competitively priced energy on a large scale to the world.  

PV technology has been growing at a rapid pace in the last decade and it has achieved  

considerable attention as one of the most promising renewable energy alternatives [1-3].  

The conversion of solar energy into electrical energy can be utilized by using a physical 

phenomenon referred as the photovoltaic effect. The photovoltaic effect occurs when 

light strikes onto a layer (or set of layers) of specially prepared light sensitive material of 

the PV device or solar cell device, which produce electricity in the form of direct current 

(DC). The first report of a photovoltaic effect can be traced back to Becquerel’s 1839 

pioneering studies in liquid electrolytes [4]. In 1954 at Bell Laboratories, Chapin reported 

a silicon based PV device for the direct conversion of sunlight into electricity [5]. This 

was the tipping point that transformed photovoltaics into a technology to convert sun 

light into energy. The energy produced can be stored in batteries to be used outside of the 

daylight hours, or can be injected into the electrical grid. As a result, these terms have 

been coined Solar Electricity, Solar Electric Technology and Solar Photovoltaics (Solar 

PV). Nowadays, mostly the terms “Photovoltaics” or “PV” are used to denote “Solar 

Photovoltaics”. Furthermore, the term “Solar” or “Solar Energy” is also used to denote 

“Solar Photovoltaics”; however, it is important to note here, that the concept of solar 

energy is much broader than photovoltaics as there are other ways of getting useable 

energy from the sun’s radiation. For example sunlight may also be converted into 

electricity using conventional principles in solar-thermal power plant technology, which 

uses concentrated sunlight to produce heat for subsequent energy production process 

(turbine drive by steam to generate electricity etc.) [6, 7]. 

PV technologies are currently dominated by traditional silicon-based and chalcogenide-

based solar cells that are available on the market these days such as; amorphous silicon 

and cadmium telluride and copper indium selenide [8]. The manufacturing costs of 

energy produced by silicon-based PV technology are higher (due to processes at high 

temperatures 400–1400 °C and high vacuum conditions etc.) than those for the energy 

supplied by conventional fossil fuels [9]. Due to this reason, the silicon-based PV 

technology has strongly relied on government support and many nations offer subsidies. 

In this regard, concepts for organic PV technology based on organic semiconductors were 

established by Alan J. Heeger, Alan MacDiarmid and Hideki Shirakawa [10]. These 

efforts take advantage of organic semiconductors to facilitate the transition of PV 

technology from inorganic to other materials that can be processed using low-cost and 

scalable techniques. The focus of this work is on the optical engineering for organic 

photovoltaics (OPV). In the following section a brief introduction to OPV solar cells and 

a detailed treatment of the light manipulation concepts is presented. 
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Organic photovoltaics (OPV) is pursued for next-generation PV technology, due to the 

cheaper manufacturing cost and the potential for mass production compatible with large-

area roll-to-roll manufacturing on flexible substrates [11-13]. Furthermore, OPV 

technology is expected to deliver a clean and sustainable source of energy and to play a 

key role in meeting the global energy challenges. Therefore, OPV has been the subject of 

active research over the past two decades and has received increasing interest in recent 

years by the industrial sector [12, 14]. The main types of organic photovoltaic devices 

(OPVs) include molecular OPVs based on small molecules [15, 16], polymers [17] and 

hybrid (solar cells which combine both organic and inorganic materials) [18]. OPVs are 

distinguished based on the choice of the materials used in the structure of the device and 

by the fabrication techniques used to make thin films from these materials. In OPV 

technology, there are two common techniques for thin film production. One is based on 

thermal evaporation and the second is based on solution processing. In the thermal 

evaporation technique, the crucial requirement is the stability of the materials (e.g. OPV 

based on small molecules), while for solution processing technique the materials need to 

be soluble in an appropriate solvent (e.g. OPV based on semiconducting polymers) [19]. 

 

The basic and simple structure of OPV solar cell typically consists of a thin film of 

organic material for absorbing light sandwiched between two electrodes. One electrode 

needs to be transparent, so light can reach the organic thin film and become absorbed. In 

OPV solar cells, the thin film of the organic material is known as photoactive layer or 

simply active layer. The first studied OPV solar cell architecture reported in 1959 by 

Kallmann and Pope was a homo-junction, i.e. a single organic material layers, 

sandwiched between two electrodes [20]. This was the first generation of OPV solar cells, 

which were further investigated and improved, but the power conversion efficiency 

(PCE) remained poor and reached 0.7% [21, 22]. The next major breakthrough was 

achieved in 1986, when C.W. Tang introduced the bilayer heterojunction concept to the 

OPVs. In Tang’s bilayer heterojunction solar cell concept, two different organic material 

layers were deposited on top of each other and sandwiched between two electrodes. The 

reported OPV solar cells had a PCE of about 1% [23]. Later a new architecture was 

introduced to the field of OPV solar cells that are based on organic polymer blend system 

known as bulk heterojunction (BHJ). The first proof-of-principle BHJ concept was 

successfully demonstrated by the group of Alan Heeger in 1995 [24]. During the last 

years the performance of bulk heterojunction solar cells has been improved significantly 

(e.g. reported PCE in 2001 was 2.5 % [25] and in 2011 further improved to over 10 % 

[26]).The structure of the state-of-the-art bulk heterojunction OPV solar cell is shown 

schematically in Figure 1.1(a). The structure of the OPVs starts with an indium tin oxide 

(ITO) coated glass substrate which acts as the transparent top electrode. The thickness of 

the ITO film is typically dITO ∼150 nm. Then a photoactive layer for absorbing light is 

deposited on top of the ITO electrode. The photoactive layer is a mixture of light-

sensitive polymers or small molecules and fullerene-like compounds. The ideal 

photoactive layer exhibits a low bandgap to broaden the absorption range of light and 

crystalline characteristics to ensure good charge mobility. For this purpose, a number of 

organic photoactive materials has been designed, synthesized, and applied in the field of 

OPV. A profound knowledge of the photoactive layer materials for OPV solar cells is 

given in [27]. The most widely studied photoactive layer consists of a polymer blend 
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system, which is based on the solution processed p-type electron donor poly (3-

hexylthiophene) (P3HT) or [N-9’–heptadecanyl-2,7-carbazole-alt-5,5-(4’,7’-di-2-thienyl-

2’,1’,3′benzothiadiazole)] (PCDT -BT) and an n-type electron acceptor 1-(3-

methoxycarbonyl) propyl-1-phenyl [6, 6] C61 (PCMB) [28-30]. The optimal thickness 

for the photoactive active layer of  the OPV bulk heterojunction solar cells based on 

polymer and fullerene derivative,  is found to be ∼100 nm [31, 32]. Finally, the device is 

completed by depositing a back or rear electrode (usually a metal) onto the photoactive 

layer [11, 22, 33-35]. The thickness of the metallic electrode (usually silver or 

aluminium) is in the range of 100–200 nm. 

 

 

Fig. 1.1: An example of an OPV solar cell: (a) Device structure, the active layer is sandwiched between two 
electrodes: ITO coated with a hole transport layer PEDOT: PSS and aluminium. (b) Light absorption produces 
excitation. (c) Dissociation of excitation at interface. (d) Charge transport, electron and hole move to their 
respective electrode as explained by the energy level diagram of a donor acceptor system. 

 

The basic operation and physics behind a solar cell device is comprehensively described 

in many academic text books [36, 37] and research articles [38, 39] and thus only a brief 

introduction is presented here. The external behaviour of an OPV solar cell is the same as 

that of conventional solar cells (comprising of an inorganic semiconductor i.e. mono and 

multi crystalline silicon) [40], but the mechanism by which the conversion of sunlight 

into electricity occurs is different. The photoactive layer is not crystalline, there is no 

conduction and valance band system, instead it has highest occupied molecular orbital 

(HOMO) and lowest unoccupied molecular orbital (LUMO) system for the electrons [33]. 

The working principle of the OPV solar cell for energy conversion mechanism involves 

the following fundamental processes [34, 41]. 

(i) Light absorption 

Light is an electromagnetic radiation which can be described as a flux of photons with 

specific amounts of energy. The energy 𝐸𝜆 of a photon is related by its wavelength 𝜆 as: 
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𝐸𝜆 =

ℎ𝑐

𝜆
= ℎ𝑣, 

(1.1) 

where ℎ is the Planck's constant, 𝑣 is the frequency and 𝑐 is the speed of light. Light 

impinging at an OPV solar cell passes through the transparent electrode ITO reaching the 

photoactive layer. Photon with energy 𝐸𝜆 greater than the bandgap is absorbed by the 

active layer. Unlike inorganic solar cells, the absorption of photons does not translate 

directly into free electron-hole pairs in a photoactive layer. Instead it generates excitons, 

which are electron-hole pair system bound to each other by Coulomb forces [33, 42]. The 

binding energy of exciton produced in organic materials is large e.g. typically on the 

order of or larger than 500 meV, compared with a few meV in the case of inorganic 

semiconductors [33]. That is why the optical absorption in active layer does not lead 

directly to free electron and hole carriers. The exciton is created when an electron in the 

donor part of photoactive layer undergoes photo-induced excitation from HOMO to 

LUMO, shown schematically in Figure 1.1(d). The ratio of the number of produced 

excitons to the incident photons is known as the absorption efficiency. 

(ii) Exciton diffusion 

Upon reaching an interface between donor and acceptor, the exciton must diffuse and 

split into free carriers within the diffusion length before recombination happens. The 

diffusion length value is typically 10 nm [16, 41], which implies that only those excitons 

formed within a distance of typically 10 nm from the interface can contribute to the 

electric power of the solar cell device. The ratio of the number of excitons that reach to 

the interface to the total number of excitons generated is known as the exciton diffusion 

efficiency. 

 (iii) Charge transport and collection 

The transport of charges is affected by recombination during the journey to the 

electrodes. Positive charges hop via nano-sized polymer domains to one electrode, and 

negative charges migrate through the fullerene to the other, thereby generating electric 

current. In OPVs properly ordered donor and acceptor domains are needed for excellent 

charge transport [43]. The transport of free carriers to the respective electrode occurs 

within a period of time ranging from nano to microseconds. The electric current that a 

photovoltaic solar cell delivers corresponds to the number of created charges that are 

collected at the electrodes. The collected carriers define the important photovoltaic 

parameter known as power conversion efficiency. This depends on the fraction of 

photons absorbed, the fraction of electron-hole pairs that are dissociated, and finally the 

fraction of (separated) charges that reach the electrodes determining the overall 

photocurrent efficiency. 

 

The power conversion efficiency of an OPV solar cell is reduced by different loss 

mechanisms [44]. Below, each individual loss mechanism is briefly described. 

 : in the photoactive layer of an OPV solar cell, the excitons must be formed 

and disassociated to generate a current. The exciton losses happen, when the transport of 

excitons is hindered from the place where the exciton is generated to the donor-acceptor 

interface or due to inefficient exciton dissociation at the interface [44]. Therefore, OPV 
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solar cells require donor-acceptor interfaces to efficiently dissociate tightly bound 

excitons. 

 : it is commonly deemed that in OPV devices, the transport of 

charges is affected by recombination during the journey to the electrodes. Only a small 

part of the carriers recombine radiatively and most non-radiatively at the interfaces of 

acceptor-donor or due to defects in the active layer [44]. One of the particular reasons for 

recombination losses lies in the utilization of same material (active layer) as transport 

medium for both, electrons and holes [45]. 

 : mean that due to insufficient mobilities, only parts of the free carriers 

reach the electrodes [44]. 

: occur when the photon energy is smaller than the bandgap energy. In 

this case, the photons cannot be absorbed and cannot generate a current. Majority of 

semiconductor polymers have bandgaps higher than 2.0 eV which limits the absorption 

[44]. 

 mean that light may be parasitically absorbed in the device layers that are 

not active in charge carrier collection or generation [44]. The optical losses also include 

reflection losses from the device interfaces and the use of thin active layers (because their 

low carrier mobility limits the active film thickness). 

All of the above loss mechanisms have direct effect on the photovoltaic parameters of the 

OPV device. In order to understand this, the following section explains the key PV 

parameters [46]. 

Figure 1.2 shows the simplified equivalent 

circuit of an ideal solar cell device. This 

consists of a photocurrent source in parallel 

with a diode. In dark condition, the device 

does not generate any current and behaves 

like a diode. Under illuminated condition, 

when the intensity of the incident light 

increases, current is produced by the solar 

cell device. The current voltage equation of 

the simplified equivalent circuit can be 

derived from Kirchhoff’s law. In an ideal 

solar cell, the total current output 𝐼 is equal 

to the difference between current 𝐼𝑝ℎ 

generated by the photoelectric effect and 

the diode current  𝐼𝐷, as can be seen in the 

following equation 

 

Fig. 1.2: Equivalent circuit of an (a) ideal and (b) real 
PV device, including series and shunt resistances. 

 

 
𝐼 = 𝐼𝑝ℎ − 𝐼𝐷 = 𝐼𝑝ℎ − 𝐼𝑜 (𝑒𝑥𝑝 

𝑞𝑣
𝑛𝑘𝐵𝑇 − 1), 

(1.2) 

where 𝐼𝑜 is the diode reverse saturation current and it depends on the recombination in the 

solar cell device, 𝑞 is the elementary charge, 𝑘𝐵 is the Boltzmann constant, 𝑇 is the 

absolute temperature and 𝑛 is the ideality factor. The ideality factor (which contains 

important information on the charge carriers transport and recombination processes in 

OPVs) varies from 1 to 2 depending on the fabrication process of the device and the 

semiconductor material. The simplified circuit model explained above does not give full 
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representation of the electrical behaviour of a real solar cell device, because it neglects 

the contribution of parasitic resistances. Therefore shunt resistances can be included as a 

parallel shunt resistance 𝑅𝑠ℎ and a series resistance 𝑅𝑠 (see Figure 1.2) in a solar cell 

circuit. In this case the total current output 𝐼 can be expressed as 

 
𝐼 = 𝐼𝑝ℎ − 𝐼𝐷 = 𝐼𝑝ℎ − 𝐼𝑜 (𝑒𝑥𝑝

𝑞(𝑣𝐼𝑅𝑠)
𝑛𝐾𝑇 − 1) −

𝑉 + 𝐼𝑅𝑠

𝑅𝑠ℎ

. 
(1.3) 

The series resistance 𝑅𝑠 is the resistance between the different layers of the solar cell 

device (mainly the sum of contact resistance on the front and back surfaces), while 𝑅𝑠ℎ 

represents the power dissipation caused by leakage currents due to alternative paths of the 

current flow. Figure 1.3 shows an example of typical current–voltage characteristics in 

the dark and under illuminated condition and defines key photovoltaic parameters of a 

photovoltaic solar cell device. 

The current–voltage plots permit an 

evaluation of the photovoltaic performance 

and electric behaviour of the solar cell 

device [41, 47]. From the plots we define:  

short circuit current 𝐼𝑆𝐶 , corresponding to 

the short circuit condition when the voltage 

is zero. For an ideal PV device (𝑅𝑠 =0, 𝑅𝑠ℎ 

→∞), this maximum current value is equal 

to the total current produced by photon 

excitation (𝐼𝑆𝐶= 𝐼𝑝ℎ). Open circuit voltage 

𝑉𝑜𝑐 , is the voltage at which no current 

flows through the external circuit. It is the 

maximum voltage that a solar cell can 

deliver. Mathematically  𝑉𝑜𝑐  is define by 

the following equation 

 

Fig. 1.3: An example of a typical I-V curve in dark and 
under illumination condition. The PV parameters open 
circuit voltage 𝑽𝒐𝒄, short circuit current 𝑰𝑺𝑪, current at 
maximum power output 𝑰𝒎𝒑𝒑 and voltage at 

maximum power output  𝑽𝒎𝒑𝒑 are defined. 

 
𝑉𝑜𝑐 = 𝐼(𝑉 = 0) =

𝑛𝐾𝑇

𝑞
ln (

𝐼𝑝ℎ

𝐼𝑜

+ 1). 
(1.4) 

Equation 1.4 shows that open circuit voltage depends on the saturation current 𝐼𝑜 of the 

solar cell device and the photo-generated current 𝐼𝑝ℎ. Another PV parameter utilized to 

characterize the maximum power point is the fill factor 𝐹𝐹, mathematically defined by 

equation (1.5). It is the ratio between the maximum power generated (𝐼𝑚𝑝𝑝  𝑉𝑚𝑚𝑝) by the 

device and the product of open circuit voltage with short circuit current 

 
𝐹𝐹 =

𝐼𝑚𝑝𝑝 𝑉𝑚𝑚𝑝  

𝐼𝑆𝐶𝑉𝑜𝑐

. 
(1.5) 

Finally, the most important parameter to evaluate the electrical performance of a solar 

cell device is the 𝑃𝐶𝐸. It is defined as the ratio of the maximum electrical power output 

𝑃𝑚, to the solar power input 𝑃𝑖𝑛 

 
𝑃𝐶𝐸 =

𝑃𝑚

𝑃𝑖𝑛

=
𝐼𝑠𝑐  𝑉𝑜𝑐  𝐹𝐹

𝑃𝑖𝑛

. 
(1.6) 

 

Solar power input 𝑃𝑖𝑛  is the product of the irradiance of the incident light, measured in 

W/m
2
, with the surface area of the solar cell device. The electric behaviour test of the 

device must be done under standard conditions that specify a temperature of 25 °C and an 
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irradiance of 1000 W/m
2
. The light intensity standardized at 1000 W/m

2
 with a spectral 

intensity distribution matching that of the sun on Earth’s surface at an incident angle of 

48.2 degree is called AM 1.5 spectrum [11, 48].  

In solar cell device the parasitic resistances, also known as electrical losses, affect the 

power conversion efficiency of the device. Therefore, a careful design of the device to 

maximize  𝑅𝑠ℎ and minimize 𝑅𝑠 is crucial for achieving high 𝑃𝐶𝐸. In addition, the 

exciton diffusion length and the charge mobility has to be engineered in order to optimize 

the open circuit voltage 𝑉𝑂𝐶 .  

Besides these electronic characteristics, also optical properties play a key role. In general, 

the short circuit current ISC stated in equation (1.6) can be obtained as the following 

function of incident photon flux Ф: 

 
𝐼𝑠𝑐~𝑒 ∫ Ф(λ)ƞ𝐸𝑄𝐸(𝜆) 𝑑𝜆, 

(1.7) 

 

where ƞ𝐸𝑄𝐸  is external quantum efficiency. The ƞ𝐸𝑄𝐸  of a solar cell device is defined as 

the ratio of the number of charge carriers collected at the electrodes to the number of 

incident photons. This parameter can be obtained as efficiency product of multiple 

physical effects in OPV device i.e. absorption of photons leading to exciton generation, 

exciton diffusion to the donor-acceptor interfaces, dissociation of exciton pairs into 

electron and hole, and collection of charge carriers at their respective electrodes [49]: 

 ƞ𝐸𝑄𝐸 = ƞ𝐴 ƞ𝑑𝑖𝑓𝑓ƞ𝑑𝑖𝑠𝑠ƞ𝐶 …. (1.8) 

In this equation ηA states for an absorption yield, which is the probability of photon 

absorption inside the active layer where it can contribute to the generation of excitons. 

This parameter can be expressed as: 

 

ƞ𝐴 =
∫ 𝐸2 𝑅𝑒{𝑛}𝐼𝑚{𝑛}𝑑𝑉

𝑎𝑐𝑡𝑖𝑣𝑒 𝑙𝑎𝑦𝑒𝑟

∫ 𝐸2 𝑅𝑒{𝑛}𝐼𝑚{𝑛}𝑑𝑉
𝑎𝑙𝑙 𝑙𝑎𝑦𝑒𝑟 

, 

(1.9) 

where the integration for absorption rate is done over the volume of the stack of solar cell 

layers, n states for the complex refractive index, and 𝐸 for the electric field amplitude 

generated by the incident light in the solar cell device. From this equation it is clearly 

apparent that strategies for light harvesting inside the active layer that leads to 

enhancement of electric field amplitude E, can improve the power conversion efficiency 

of a solar cell device.  

 

Many studies have been conducted to enhance the power conversion efficiency of OPV 

solar cells that is limited by the incomplete absorption of light energy in the photoactive 

layer. The power conversion efficiency of polymer solar cells has been increased through 

improvements in the control over active layer blend (donor-acceptor polymers) phase 

separation, through advances in the electronic properties of the active layer [50] and 

through advances in the bandgap engineering (broader absorption spectrum for increasing 

open circuit voltage) [51, 52]. Despite of these and many other types of efforts made in 

the field of OPV technology, the 𝑃𝐶𝐸 of OPV solar cells is limited by the ability of the 

active layer to completely absorb the incident light. The active layer is inherently very 

thin due to the low charge-carrier mobility and small exciton diffusion length of most 
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small molecular and polymeric materials [53, 54]. Therefore, the optimized thickness of 

the photoactive layer is always a result of the trade-off between light absorption and 

charge carrier extraction. As mentioned earlier the optimal thickness for the active layer 

of OPV solar cells based on polymer and fullerene derivatives is about  𝑑𝑎∼100 nm, the 

optical losses (optical interference and recombination losses) are already taken into 

account. Despite the fact that the absorption coefficient of organic materials is generally 

high (usually ≥ 10
5
 cm

-1
), light with energy in the absorption band of the photoactive 

layer is not completely absorbed with a state-of-the-art 100 nm layer [11, 34]. Due to this 

reason optical manipulation of light is of paramount importance to enhance the absorption 

of the incident light in the photoactive layer. There are many different strategies that 

include proper designs of the OPV device architecture [55], geometry [56-58] and 

electrode materials composition and thickness [59-64]. This work focuses on the 

enhancement of the light absorption efficiency of photoactive layer by using plasmonic 

nanostructures tailored to serve for light harvesting.  

In addition to the incomplete absorption of light in the active layer, another source of 

optical loss is the reflection of incident light from the solar cell device. Reflection of 

incident light is an optical phenomenon which comes from different refractive indices at 

the interface of two materials. As discussed in the above section 1.1, incident light 

traverses the glass substrate and the transparent electrode and photons are absorbed by the 

thin photoactive layer of the OPV device. The reflectance from the top surface [light 

incidence surface of the solar cell (air/substrate)] and from the interfaces 

(substrate/transparent electrode/active layer) of the device contributes to the optical 

losses. When light passes the interface between two media, the reflectance  𝑅 occurs due 

to the sudden change in the refractive indices of the two materials. If 𝑛1 and 𝑛2 are 

refractive indices of the two media, then 𝑅 for the normal incidence can be assessed by 

Fresnel equation [5, 65] 

 
𝑅 = |

𝑛2 − 𝑛1

𝑛2 + 𝑛1

|
2

. 
(1.10) 

 

For absorbing material, the 𝑅 is given by replacing the 𝑛 term in equation (1.7) by ñ, 

known as the complex refractive index 

 ñ = 𝑛 + 𝑖𝑘, (1.11) 

where 𝑘 is the imaginary part of the complex refractive index, it is often referred as to the 

extinction coefficient.  The equation (1.7) for two media can be written as follows 

 
𝑅 =

(𝑛2 − 𝑛1)2 + (𝑘2 + 𝑘1)2 

(𝑛2 + 𝑛1)2 +  (𝑘2 + 𝑘1)2
 . 

(1.12) 

 

The equation shows that the larger the difference between the refractive indices of the 

two materials, the greater the reflectance at the interface between them. In organic 

photovoltaic solar cells, this implies the reduction of the short circuit current due to 

reflectance of the incident light. In this regard the antireflection schemes become of great 

importance, and incident photon absorption can be effectively enhanced by introducing 

anti-reflection (AR) structures on the light incidence front surface or inside the OPV 

device [66-68]. The focus of this thesis will lie on minimizing the reflectance of OPV 

solar cells by integrating antireflective nanostructures to state-of-the-art transparent 

electrode (ITO). 
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The optical manipulation of light by nanoscale architectures has gained increasing 

popularity for improving the performance characteristics of a variety of optoelectronic 

devices including light emitting diodes, thin film solar cells, flat panel displays, and 

photodetectors. There exists a variety of light manipulation architectures based on 

plasmonic and dielectric nanostructures. The following sections describe individual 

approaches of plasmonic and dielectric light management with regard to the specific 

situation in OPV solar cells. To achieve high efficiency OPV solar cells, one key issue (as 

learned from the above sections) is to overcome the insufficient photon absorption in 

organic photoactive layers since their low carrier mobility limits the film thickness for 

minimized charge recombination loss. One solution that addresses this problem is 

plasmonic nanostructure-based light harvesting [69-71]. Plasmonic nanomaterials or 

nanostructures are incorporated in the OPV device, which can induce surface plasmon 

resonance (SPR) effects at the corresponding metal-organic photoactive layer interface 

[70, 71]. It is possible to tune the SPR effects by proper engineering of plasmonic 

structures to enable a strong scattering or absorption of light [72] at desired spectral 

windows. Another approach for light manipulation is mainly focused on the enhancement 

of light absorption efficiency in the active layer by supressing the reflection of incident 

light from the solar cells [66]. In order to suppress the light reflection, an anti-reflection 

layer or a light in-coupling texture at the front surface of the device is incorporated. Such 

a buffer layer can reduce the reflection loss of the incident light and thus increase the 

light coupling into the solar cell device [66-68, 73]. The following section provides the 

basic theory behind the optical manipulation of light, with a focus on two approaches, 

plasmonic and AR nanostructures. 

 

The study of optical phenomena related to the electromagnetic response of metallic 

nanostructure led to the development of an emerging and fast growing research field 

called plasmonics. It concerns confinement of light energy on such structures which finds 

its applications in the fields of nano-optics, bio-optics, photonics, thin film photovoltaics, 

and quantum information processing [74-81]. Surface plasmons are collective oscillations 

of conduction electrons originating from metallic surfaces. By altering the structure of a 

metal surface, the properties of surface plasmons, in particular their interaction with light 

can be tailored. Therefore incorporation of plasmonic nanostructures is a promising 

approach for light management in OPV solar cells. 

Plasmonic light harvesting method uses metallic nanostructure geometries to increase the 

optical absorption without increasing the thickness of the light harvesting photoactive 

layer(s) of the thin film solar cells [56, 82]. These nanostructure geometries support 

surface plasmons and offer three mechanisms for the light management (enhancement of 

light absorption in device) without reducing the state-of-the-art thickness of the 

photoactive layer(s) of OPVs [78, 83]. 

(i)  

In this approach metal nanoparticles (NPs) are used as subwavelength scattering elements 

to couple light into the photoactive layer of the solar cell device [84, 85]. The NPs 

enhance the effective optical path length of the incident light due to multiple and high 

angle scattering events in the device, thereby increasing the photon absorption efficiency 
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[72, 86]. The light scattering by plasmons is depicted schematically in Figure 1.4. The 

light scattering properties of metal NPs are a function of their size and for spherical NPs 

can be described by the Mie theory [87, 88]. 

The scattering efficiency can be tailored by 

the shape, environment, density 

distribution, and size of the metal NPs [72, 

89]. A perfect position for NPs in the 

structure of an OPV device is the one, 

where NPs enables more light to pass 

through the organic active layer. A 24% 

enhancement in short-circuit current 

density and 18% in power conversion 

efficiency have been reported by Jung et al 

[90], attributed to the plasmonic scattering 

of NPs embedded at the interface of active 

layer and ITO of the OPV device. Similar 

approaches were made to enhance the 

power conversion efficiency of the OPV 

devices via plasmonic scattering effect by 

incorporating NPs into the structure of the 

device [91, 92]. 

 

Fig. 1.4: Schematic representation of plasmonic light 
harvesting approach based on scattering by localized 
surface plasmons. The NPs work as scattering 
elements that increase the optical path length of 
incident light in the structure of an OPV device.  

(ii) Light concentration by localized surface plasmons 

In this approach metal NPs are used as subwavelength “antennas”, in which energy of 

light is confined to surface plasmon near-field that overlap with the photoactive layer of 

the solar cells [93].  

These antennas are especially useful in thin 

film solar cells, which use polymeric 

organic semiconductors as photoactive 

layer having diffusion length of less than 

20 nm [78]. The incorporation of small 

NPs (5–20 nm) into the active layer of 

OPV devices could induce near field effect 

or localized surface plasmon resonance 

(LSPR) upon photoexcitation, which 

results in an enhancement of optical 

absorption efficiency. This principle of 

light manipulation is depicted 

schematically in Figure 1.5, where the 

metallic nanoparticles are embedded inside 

the semiconductor photoactive layer. The 

choice of the material, shape, size, 

concentration, composition, location and 

spacing of incorporated metal NPs are 

crucial parameters to tailor light 

concentration in thin film solar cell devices 

 

Fig. 1.5: Schematic representation of plasmonic light 
harvesting approach for OPV device, based on light 
concentration by localized surface plasmons. In this 
approach, the local enhancement of the 
electromagnetic field  occurs as a result of the 
resonance effect, which  leads to the effective light 
concentration near the surrounding of the metallic 
NPs [94]. 

[69, 85, 95, 96]. Diukman et al [95] demonstrated that the absorption enhancement in 

organic photovoltaic cells can be achieved by the incorporation of Au nano-disk arrays 
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that extend from the front transparent electrode ITO into the active layer. In another work 

by Liu et al [97], the power conversion efficiency of OPV device was improved from 

5.75 % to 7.4 % by the incorporation of Au arrow-head nano-rods into the photoactive 

layer. In similarly way, LSPR exhibited by plasmonic nanomaterials of different shapes 

(nano-particles or nano- prisms act as nano-antennas) in the photoactive layer, improved 

the short-circuit photocurrent density by 17.91 % and the power conversion efficiency by 

19.44 % compared to the pre-optimized OPV devices [98]. 

(iii) Light trapping by surface plasmon polaritons  

In this approach a corrugated metallic film 

(as rear plasmonic electrode) on the back 

surface of an active layer can couple the 

light into surface plasmon polaritons 

(SPPs) modes [78]. SPPs are surface-

bound electromagnetic waves which can 

propagate along metal-dielectric interfaces 

[99]. The light trapping by surface plasmon 

polaritons in the OPV device, is 

schematically depicted in Figure 1.6 and 

similarly to the previous section it relies on 

the near field enhancement occurring upon 

the resonant excitation of SPPs. One 

dimensional (1-D) Ag gratings were 

implemented into the structure of OPV 

device as electrode to excite the SPPs and a  

 

Fig. 1.6: Schematic representation of plasmonic light 
harvesting approach in OPV device. Coupling of light 
to surface plasmon polariton propagating along a 
metal electrode-active layer interface. 

2-fold improvement in photocurrent was reported [100]. Two-dimensional (2-D) periodic 

metal corrugation as plasmonic electrode for the replacement of 1-D gratings has been 

introduced into the structure of an OPV device to overcome the polarization dependence 

and narrow resonance of SPP modes. A 17.5 % enhancement was achieved in the power 

conversion efficiency compared to the flat OPV device [101]. Similarly, organic 

photovoltaic devices integrated with 1-D and 2-D surface relief gratings demonstrated 

improved incident-photon-to-current conversion efficiencies and an overall increase in  

power conversion efficiencies, indicating that the corrugated metallic structures as 

plasmonic electrode induce further photon absorption in the active layer [102].  

The first two methods i.e. light scattering and concentration by localized surface for the 

light management in the active layer, are not relevant to the work presented in this thesis 

and will be not discussed further. The focus will be on the third method i.e. light trapping 

by surface plasmon polaritons, which is the subject of this work and the most common 

approach used in the thin film solar cells for the manipulation of light. Further, this 

approach is arguably simpler to implement compared to approaches based on NPs. 

 

SPPs can be excited by electrons or photons. The excitation of SPPs respect both energy 

and momentum conservation. The excitation by electrons is not relevant to the work 

presented in this thesis and will not be discussed any further. The focus will lie on the 

optical excitation of the surface plasmon polaritons. Figure 1.7 shows the schematic 

representation of the electromagnetic field associated with a surface plasmon polariton 

propagating along a metal-dielectric interface. The electromagnetic field of SPPs is 
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confined at the metal surface, with the electric field also enhanced perpendicular to the 

surface [103, 104]. The dispersion relationship of SPPs [104, 105] can be derived as 

stated in the following equation 

 

𝐾𝑠𝑝 = 𝑘0√
𝑛𝑑

2 𝑛𝑚
2 

𝑛𝑑
2 + 𝑛𝑚

2
, 

 

(1.13) 

where 𝐾𝑠𝑝  is the wave vector of the SPP; 

𝑘0 = 2π λ⁄  is wavenumber of light in 

vacuum, 𝑛𝑑 is the refractive index of 

dielectric material and  𝑛𝑚 is the refractive 

index of the metallic material. Figure 1.8 

displays the dispersion curve of an SPP 

mode; a momentum mismatch exists 

between the photon and SPPs, implying th- 

 

Fig. 1.7: Schematic representation of the 
electromagnetic field associated with a surface-
plasmon polaritons propagating along a metal-
dielectric interface. 𝑛𝑑 and 𝑛𝑚 represents the 
refractive index of the metal and dielectric regions, 
respectively. 

at direct excitation of SPPs with photons is not allowed in the case of a planar interface. 

The Figure 1.8 also shows graphically the condition for the excitation of the SPPs. The 

incident photon wave vector 𝐾𝑖𝑛  must be increased by the missing momentum  𝐾 to 

allow its coupling to SPPs at given energy 𝐾𝑠𝑝 = 𝐾𝑖𝑛 + 𝐾 , this condition can be 

achieved by the one of the following three approaches: 

 To use a prism covered with a thin 

layer of metal to increase the 

momentum of the incident light. 

This approach is called attenuated 

total reflection and was first 

demonstrated by Kretschmann 

and Raether [106]. 

 To apply scattering centers to 

trigger SPPs [78, 107]. 

 To employ corrugated metallic 

films, such as gratings. This is the 

most common approach used in 

organic photovoltaic devices for 

plasmonic light harvesting [70, 

108-110]. 

 

Fig. 1.8: Typical dispersion curve for a surface 
plasmon and for photon in air, where a momentum 
mismatch exists between the light and the SPPs. The 
condition for the excitation of SPPs is also depicted.  

 

Another possible optical absorption enhancement mechanism includes the slab 

waveguide modes. A dielectric waveguide can be composed of a slab of dielectric 

material surrounded by media of lower refractive indices having two planar interfaces. In 

such waveguide configuration the higher refractive index slab represents a core that is 

surrounded by a lower refractive index cover and substrate [65], as depicted in Figure 1.9. 

In such configuration, the core slab can support a series of guided waves if its refractive 

index nd and thickness d are sufficiently large. In the context of investigated solar cell 

geometries, let us assume the metallic cover material. Then guided waves can be confined 

in the core film through the reflecting metal surface and by total internal reflection at the 

interface with lower refractive index dielectric substrate. 
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The confined waves in waveguides 

propagate only at a discrete set of states 

(which are called modes) for which the 

field reflected from the metal and dielectric 

interfaces constructively interfere. In 

general, the waveguide supports either 

transverse magnetic (TM) or transverse 

electric (TE) modes. For TE modes the 

electric intensity vector E is parallel to the 

waveguide interfaces and for TM modes 

the magnetic field intensity H vector is 

parallel to the surface. The propagation 

constants β of TM-polarized waves 

propagating in polymer film can be 

determined by solving the following 

dispersion relation [104]: 

 

 

Fig. 1.9: Illustration of the stack of  an OPV device as a 
planar dielectric waveguide, which consists of a slab of 
dielectric “core” having thickness d in between a lower 
refractive layer “substrate” and  metal “cover”. The 
active layer on a metallic electrode surface supporting 
guided waves.  

 

tan(𝑘𝑑) =

𝛾𝑠𝑛𝑓
2

𝑘𝑛𝑠
2 +

𝛾𝑚𝑛𝑓
2

𝑘𝑛𝑚
2

1 − (
𝛾𝑠𝑛𝑑

2

𝑘𝑛𝑠
2 ) (

𝛾𝑚𝑛𝑑
2

𝑘𝑛𝑚
2 )

, 

 

(1.14) 

where 𝑛𝑑 is the refractive index and 𝑑 is the thickness of the waveguide film.  For the TE 

polarization the dispersion relation yields 

 

tan(𝑘𝑑) =

𝛾𝑠

𝑘
+

𝛾𝑚

𝑘

1 − (
𝛾𝑠

𝑘
) (

𝛾𝑚

𝑘
)

. 

 

(1.15) 

The terms 𝑘2 = ( 𝑘𝑜
2𝑛𝑑

2 − β2), 𝛾𝑐
2 = ( β2 − 𝑘𝑜

2𝑛𝑚
2 ), and 𝛾𝑠

2 = ( β2 − 𝑘𝑜
2𝑛𝑠

2) are the 

transverse propagation constants in the waveguide film, the metal and the substrate, 

respectively. In general, the number of guided waves in a film slab increases with its 

thickness and refractive index. 

 

Grating coupling is a possible means to 

couple light propagating in the far field to 

SPPs and dielectric waveguide waves [78, 

107]. This can be utilized by periodically 

corrugating the metal surface as showed in 

Figure 1.10. When plane wave hits the 

corrugated surface at certain angle θ, it can 

become scattered to a series of orders due 

to diffraction. This process can be 

described by phase-matching via 

increasing or decreasing of the parallel co- 

 

Fig. 1.10: Illustration of grating configuration for 
exciting SPP. The incident light diffracts into several 
modes, which can enhance the wave vector of the 
incident light, coupling light to the surface plasmon at 
interface between the metallic gratings and dielectric 
medium and to dielectric waveguide (DW) waves. Ʌ is 
the grating period and m is an integer representing the 
diffraction order. 

mponent of the incident beam wavevector by grating momentum vector 𝑘𝑔, given by: 
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𝑘𝑔 =

2𝜋

Ʌ
 , 

(1.16) 

where Λ is the grating period. The series of diffracted orders that exhibit the parallel 

component of their wave vector kǁ modified as: 

 kǁ
′ = kǁ ± 𝑚𝑘𝑔 =

𝜔

𝑐
𝑠𝑖𝑛𝜃 ± 𝑚𝑘𝑔, (1.17) 

 

where 𝑚 is an integer. Via the diffraction, the magnitude of the parallel component of the 

wave vector of the incident light can be increased so it matches the propagation constant 

β of either the SPPs or dielectric waveguide mode: 

 
β =

𝜔

𝑐
𝑠𝑖𝑛𝜃 ± 𝑚

2𝜋

Ʌ
. 

(1.18) 

 

This is known as grating coupling condition or phase-matching condition and for the 

SPPs the propagation constant β =Re{KSP} is defined in equation (1.13) and for the 

dielectric waveguides mode β can be obtained by solving (1.14) or (1.15).  

 

Antireflection (AR) surfaces are desired to reduce reflections and improve the 

performance of optoelectronic devices including light emitting diodes flat panel displays, 

photodetectors and thin film solar cells. The AR surfaces have wide applications in 

photovoltaic technology and are essential for improving the photocurrent generation and 

PCE of the device. For example, the power conversion efficiency was improved by 19 %, 

by the introduction of a textured foil into the OPV device. The textured foil worked as AR 

surface and reduced the reflections of the incident light [111]. In another work, AR 

surface (transparent polymer micro-lens array) was implemented on the light incident 

surface (front side) of the OPV device, which increased the optical path length of the 

incident light and reduced the front side surface reflections resulting in a 15–60 % 

relative increase in the overall power conversion efficiency [112]. Similarly, AR coating 

(based on zinc oxide nanowires), was implemented on the front side of the OPV device, 

which enhanced the power conversion efficiency by 36 %. In the following section the 

basic theory and the mechanism by which AR surfaces operate is discussed. 

 

(i) Destructive interference 

Destructive interference is the fundamental 

mechanism behind the thin films coating 

used for reduction of reflections at an 

interface. The antireflection coatings 

consist of one or two or more than two thin 

films layers. The idea behind an AR 

coating can be realized from a single layer 

dielectric thin film with a low refractive 

index 𝑛 on a substrate with different 

refractive index designated as 𝑛𝑠, where 

𝑛𝑠 > 𝑛. This configuration leads to a creat- 

 

Fig. 1.11: Schematic illustration of an anti-reflection 
surface which consists of a single thin film coating 
having destructive interference mechanism for 
reduction of reflections.  

ion of double interfaces, resulting in two reflected waves, see figure 1.11. 
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When these two waves are out of phase, destructive interference occurs, cancelling both 

beams partially or totally before they exit the surface. This is schematically explained in 

Figure 1.11. The AR based on the destructive interference mechanism only work well for 

a limited range of wavelengths and angles of incidence [113, 114]. A broadband and 

angularly independent AR can be achieved by depositing a multilayer with a graded-

index, but their processing can become complex and expensive [115]. The condition for 

good AR from multilayer system would be the same as that of a single film i.e. the 

refractive indices of the thin layers on the interface should be in increasing order from the 

air to the optical substrate. In multilayer system the reflection/transmission on each 

interface is very crucial and important as it governs the resulting AR from the system 

[116].  

(ii) Multiple reflections 

The mechanism behind the multiple 

reflections is texturing surfaces with 

geometric features i.e. microstructures 

[117, 118]. The microstructures could be 

either periodic regular or random, which 

leads to reduction of the reflection from the 

surfaces for incident light. This approach is 

very common and vital in industrial silicon 

solar cells as the un-textured silicon wafer 

reflects more than 30 % of the incident 

light [119]. To reduce reflections and 

produce AR behaviour in the industrial 

mono/multi-crystalline silicon solar cells, 

the top/front surface of Si wafer is textured 

[117, 119]. This texture typically 

comprises of overlapping pyramids having 

random heights and locations, see Figure 

1.12(b). Texturing (usually upright 

randomly placed pyramids) causes 

reflected light to strike a second surface 

before it can escape, increasing the 

probability of absorption. The multiple 

reflections mechanism is explained 

schematically in Figure 1.12(a). The size of 

the microstructures used for the multiple  

 

Fig. 1.12: (a) Schematic illustration of anti-reflection 
surface based on multiple reflections mechanism (b) 
Atomic force microscopy micrograph of a textured AR 
surface consists of randomly placed pyramid having 
random heights. 

reflections mechanism is quite large, and can’t be applied inside the structure of the OPV 

device due to the thin photoactive layer (80–150nm). This type of microstructures are 

only applied on the top/front side (out-side of the OPV device) for the light harvesting 

purpose [120]. The size and geometry of the microstructures is very important as it 

influences the incident light on a solar cell device and it is optimized generally for 

antireflection of the visible spectrum (̴ 400–700 nm). 

(iii) Nanostructured graded index 

The first two approaches for AR is not relevant to the work presented in this thesis and 

will not be discussed any further. This focus will be on the so called nanostructured 

graded index [121, 122] method, which is arguably the most common approach used in 
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OPV solar cells. Moth eye nanostructures (MEN) are the most common example of 

nanostructured graded index method. MEN were discovered by Bernhard, Miller and 

Moller from nature on the corneas of night active insects [123, 124] and first artificially 

produced by Clapham and Hutley [125]. The MEN typically consist of arrays of nano-

pillars or nanocones with spatial periodicity usually below the wavelength of the visible 

spectrum [126]. 

The basic principle of MEN antireflective surface is that the outer surface consists of 

nipple arrays, typically of sub-micron height and spacing [126]. The theory to describe 

how these MEN reduce reflections is known as the effective medium theory (EMT) [127-

129]. The EMT theory was introduced to describe the effective dielectric constant of 

homogenously mixed materials. According to this theory as the fraction of air around 

these structures decrease gradually from the top of the tip of the nanostructure to its base, 

the effective refractive index (RI) changes gradually. Therefore, the incident light goes 

through the surface as if it is going through a gradient index environment, thus rendering 

low reflectance. The theory works generally well for both regular fine surface relief and 

random porous structures. 

Figure 1.13 schematically explains the 

concept of MEN. The RI of the surface 

layer varies gradually from air to substrate, 

and effectively suppresses the specular 

reflectance at the interface of the two 

media. The optimum design of MEN AR 

surface can be analyzed from the 

dependence of the reflectance on the 

effective height h and spacing or period Ʌ 

of the nanostructures, and on the 

wavelength of the incident light. Another 

available theory is to view moth eye type 

nanostructures as an optical diffractive 

element with a surface-relief structure in 

two-dimension that only produces zero-

ordered diffraction. To explain this effect, 

a 1-D surface-relief grating or a simple 1-D 

 

Fig. 1.13: Schematic illustration of anti-reflection 
surfaces with graded index mechanism. The periodic 
structure varying refractive index from air to 
substrate. Where “X” and “Y” represents the area 
ratio of air and MEN respectively. 

sub-wavelength grating structure having a period Ʌ is often discussed [130]. When a 

beam of incident light goes through a grating, it can be described by the following grating 

equation 

 𝑚𝜆

Ʌ
= (𝑛𝑠𝑢𝑏 𝑠𝑖𝑛 𝜃𝑠𝑢𝑏) − (𝑛𝑎𝑖𝑟 𝑠𝑖𝑛 𝜃𝑎𝑖𝑟). 

(1.19) 

 

In the above equation (1.16), 𝑛𝑠𝑢𝑏 and 𝑛𝑎𝑖𝑟  are the refactive indices of the substrate and 

the air respectively; 𝜃𝑠𝑢𝑏 represents the angle of the diffracted light beam and 𝜃𝑎𝑖𝑟  is the 

incident angle of the light; m is the diffracted order of the light and 𝜆 is the wavelength of 

the light. From equation (1.16), it can be deduced that the Ʌ of the grating structure 

should fulfil the condition as given in the below equation if there is only zero-ordered 

diffraction occurring 
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Ʌ <

𝜆

𝑛𝑠𝑢𝑏 + 𝑛𝑎𝑖𝑟

. 
(1.20) 

 

Therefore, the moth-eye type antireflection calls for nanostructured surfaces having sub-

wavelength periods. Further, the 1-D grating equation can be applied to 2-D gratings and 

to the nanostructures consisting of periodic arrays of pillars in artificial MEN by 

considering light incident at specific azimuthal angles related to the symmetry of the 

array [131]. 
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The optical losses have a direct impact on the photo-generated current of the OPV device 

as they compete with the generation of excitons in the active layer. The main 

contributions to the optical losses can be attributed to the incomplete absorption of light 

in the active layer (since it is composed of materials with low carrier mobility which 

limits the film thickness) and optical reflections (due to the abrupt change in refractive 

index). To date, various approaches have been pursued to reduce such losses and thus to 

improve the performance of the OPV devices [60, 69, 72, 111, 132, 133]. The present 

work aims at pushing forward the performance improvement in this field by developing 

novel type of metallic and dielectric nanostructures tailored for the efficient manipulation 

of light in OPV solar cell architectures. By controlling and designing the nanoscale 

geometry, it is possible to confine the incident light in specific sections of the OPV 

device where it should be absorbed and contribute to excitons generation. Therefore, 

parasitic effects occurring outside this region such as reflections at interface of the stack 

of layers can be suppressed. The work particularly focuses on means of preparation of 

suitable structures on large areas in order to address the need of their scaled up 

production. The work is organized along the lines of four projects as specified below. 

 

 

Chapter 4, section 4.1 presents a new 

approach for broadband light harvesting at 

a metallic electrode by using multi-

diffractive plasmonic nanostructures. In 

general, resonant coupling of light to 

surface plasmons at surfaces of metallic 

films and nanoparticles can substantially 

enhance the absorption of light in the 

active layers of solar cells [70, 78, 134]. 

This strategy enables the utilization of 

absorber materials (active layer) with short 

carrier diffusion length such as those that 

are used in common OPV solar cells 

architectures [90, 94, 98, 101]. Since 

resonant light coupling to plasmonic 

modes occurs at narrow spectral windows, 

the positive effect of light harvesting is li- 

 

Fig. 2.1: Schematic of the research goal, a novel 
multi-diffractive plasmonic absorber for OPV device 
serve as plasmonic light trapping element and rear 
electrode. The plasmonic absorber could support the 
surface plasmon polaritons (SPPs) and additional 
waveguide modes (DW). 

mited to certain wavelengths band that does not cover the broad spectrum of solar 

radiation. In order to address this challenge, the use of multi-diffractive gratings is 



2.2 Broadband antireflection and broadband light trapping by dielectric 

nanostructures 

35 

 

proposed, which can be incorporated to the OPV solar cell structure to serve 

simultaneously as broadband plasmonic absorber for light trapping and as well as a rear 

electrode, see Figure 2.1.  

 

 

Apart from using plasmonic nanostructure-

based light harvesting, dielectric 

nanostructures have been also reported for 

light harvesting in OPV solar cells [133].  

Chapter 4, section 4.2 presents results on 

optical manipulation of light for OPV solar 

cells based on nanostructured ITO 

electrode. ITO is one of common 

transparent conducting oxide materials, 

widely used as transparent  electrode in 

OPV solar cells due to its relatively low 

refractive index as well as good optical and 

electrical properties [135-138]. To obtain 

state-of-the-art optical and electrical 

properties, ITO films are commonly 

deposited at high temperature or require 

high temperature post deposition steps 

[105, 124, 139-141]. The implementation 

of nanostructured ITO films that has been  

 

Fig. 2.2: Schematic of the front ITO electrode, which 
is corrugated to exhibit light trapping or antireflection 
properties at specific spectral windows.  Depending 
on the period Ʌ and height h of the nanostructures, 
the wavelength-scale grating structures of ITO 
electrode could support the AR properties (MEN) or 
can produce significant absorption waveguide (DW) 
resonances in OPV solar cell architecture. 

developed up to now [142-144] for light management, rely on complex, multi-step 

processing, and post deposition treatment which is a handicap for e.g. flexible substrate 

devices. To overcome this problem, nanostructured ITO films were prepared by adopting 

combination of sputtering at ambient temperature and UV nanoimprint lithography. The 

fabricated nanostructured ITO films can be incorporated to the OPV solar cell structure to 

serve simultaneously as light trapping or antireflection (moth eye) element at specific 

spectral windows. A broadband antireflection design of transparent ITO electrode was 

achieved for suppressing the Fresnel reflections at an interface and yielding high 

transmittance over a broad spectral and angular range compared to state-of-the-art flat 

ITO electrode. Furthermore, the same geometry was adopted for efficient light trapping 

by the use of diffraction coupling to series of waveguide modes supported by the ITO 

film, (see Figure 2.2). 
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Chapter 4, section 4.3 deals with preparation and characterization of multi-diffractive 

arrays of metal nanowires (NWs). As discussed in chapter 1, one of the limiting factor of 

PCE is the low carries mobility of organic solar cells, which leads to poor charge 

collection [145]. In order to overcome this limit and enhance the PCE, metallic nanowires 

(NWs) can be incorporated into the structure of OPV devices. The incorporated NWs can 

provide direct pathways for fast charge transport. Furthermore, the research on metal 

NWs in the field of OPV focuses on three main purposes, replacement of transparent 

conductive (TCO) electrodes [146], light management [146] and enhancement of the 

conductivity of TCO electrodes [147]. The common model structure is a periodic nano-

line (1D-nanogratings)/nano-wire or metallic nanogrid (2D) which have been extensively 

studied and has long been the focus of intensive research [148-152]. The fabrication of 

such structures has typically been carried out using focused ion beam milling or electron-

beam lithography techniques that are relatively expensive and time consuming. In this 

work, an unconventional geometry that comprises multi-periodic plasmonic NWs is 

prepared by a combination of laser interference lithography over large areas. 

 

  

Fig. 2.3: Schematic of the investigated geometry for plasmonic transparent electrode based on multi-periodic 
metallic nanowires and thin ITO film. 

 

 

In addition, series of collaborative projects out of the scope of OPVs were carried out as 

described in Chapter 4, section 4.4. These projects mainly focused on the application of 

developed plasmonic structures and protocols to prepare them for optical biosensors. In 

particular, these additional projects concern the utilization of compact surface plasmon 

resonance biosensor based on diffraction coupled-SPR on gold gratings, surface-

enhanced Raman spectroscopy on arrays of gold nanoparticles, and SPR measurements in 

the ultraviolet part of spectrum with the use of aluminium gratings.  
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The laser interference lithography is a 

relatively simple, fast, cost-effective, and 

large- scale method compared to other ones 

such as e-beam lithography [153]. The 

schematic of the LIL using Lloyd's mirror 

configuration used in this work is shown in 

Figure 3.1. It utilizes of a laser source, 

microscope objective lens, a lens, a pinhole 

and a mirror. The mirror is placed perpend- 

 

Fig. 3.1: Schematic of the laser interference 
lithography used for the nanostructures fabrication. 
The wavelength of laser is λ= 325nm and an output 
power 4 mW. 

icular to the exposed surface of the sample to create a second beam. The laser HeCd 

source having output power of 4 mW, (model IK 3031 R-C from Kimmon) operating at 

λ= 325 nm is focused by a 40x microscope objective lens (LMU-40X-NUV, Thorlabs) to 

a pin hole with diameter of 10 µm. The combination of microscope objective lens, 

pinhole and lens expands the beam and makes its intensity homogeneous. This enables 

recording large areas (about 15 x 15 mm) with high intensity (32 μWcm
−2

). The expanded 

and homogeneous beam is made incident on a sample holder which consisting of a 

rectangular dielectric mirror (RM-50.0-30.00-12.7-UV, CVI Melles Griot) and a holder 

for the sample. The sample holder can be rotated by an angle 𝜃. The schematic of the two 

beam interference is shown in Figure 3.2(a), both beam generate a periodic interference 

pattern on photoresist surface. The period Ʌ of the recorded pattern into photoresist thin 

film can be calculated by following equation  

 
Ʌ =

𝜆

2𝑠𝑖𝑛𝜃
,  

(3.1) 

 

where θ is the half angle of two incident beams intersect angle and λ is the wavelength of 

laser. Furthermore, the profile of intensity distribution of the interference of two beams at 

the sample surface (photoresist) is crucial for fabricating uniform patterns especially on 

large area. The intensity I(x) is given by the following equation [154, 155] 

 
𝐼(𝑥) = 2𝐴 {𝑐𝑜𝑠 [

4𝜋𝑥

𝜆
sin (𝜃)] + 1}, 

(3.2) 

where 𝐴 is the wave amplitude of the partial beams.  
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Fig. 3.2: (a) Schematic of two beams interference lithography. The directions of the two beams are shown by 
dashed arrows. Both beams generate an interference (standing waves) periodic pattern, which is recorded in a thin 
layer of photoresist on a substrate. (b) A 3D view of an AFM micrograph which is produced by single exposure 
results sinusoidal grating pattern. (c) A 3D view of an AFM micrograph which is generated by two exposures with 
a 90° rotation of the sample in between. 

 

In this study positive photoresist Microposit S1805 from Microchem (USA) was used as 

photosensitive material for recording an interference field pattern. First, the photoresist 

layer was spun onto a BK7 clean glass substrate (area=20 × 20 mm) at 4500 rpm for 45 s 

(spin-coating parameters) yielding a thickness of 400 nm. In order to reduce the 

thickness, photoresist was diluted (1:2) with propylene glycol monomethyl ether acetate, 

yielding a thickness of 100 nm. Then, a soft baking step on a hot plate at 98 °C was 

applied for 120 s. Afterward, the substrate was mounted to the laser interference setup 

and exposed to the field of collimated interfering beams (with intensity of 32 μW cm
−2

) 

emitted from a HeCd laser at wavelength λ = 325 nm. Then the recorded interference 

field pattern was etched into the photoresist by a developer AZ 303 from MicroChemicals 

(Germany) that was diluted by distilled water at a ratio of 1:15. 
 
 

 
 

A nanoimprint lithography used in this study is one of the most promising methods for 

nano-sized patterning due to its low cost, high throughput possibilities and simplicity 

resolution scalability and pattern repeatability [138]. A master with relief patterns and 

stamp are the two important components of the nanoimprint lithography technique. A 

master is first fabricated by conventional lithography techniques (photolithography, laser 

interference lithography or electron beam lithography). 

The materials used for the stamp polydimethylsiloxane (PDMS) obtained under 

commercial name Sylgard 184 (Dow Corning USA). The PDMS is heat curing and 

consists of two components, i.e. a base part and a curing agent part. To make stamp, one 

part curing agent and ten parts of base (by weight) are mixed. Then stamp is made from 

the master, the steps are schematically shown and explained in Figure 3.3(a). In this work 

the photoresist nanostructured (Master prepared with LIL) were casted to PDMS, 

followed by a curing step for 3 days at room temperature. The PDMS copy was detached 

from the master and employed as a working stamp. The stamp is the key in nanoimprint 

lithography since it is used to generate and transfer the nanostructure pattern from master 
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to replica. Let us briefly describe the key NIL process for making copies from the master, 

which consists of the following steps. 

 

Glass BK7 is used as a substrate in this 

work with a dimension of 25 × 25 mm. 

Substrates were cleaned by sonication in 

1% Hellmanex (from Hellma GmbH & Co. 

KG, Germany) solution, followed by 

distilled water and ethanol for 15 minutes 

each and then blown-dry using air gun. 

 

After the cleaning process, the imprint UV-

curable polymer Amonil MMS 10 (from 

AMO GmbH) is spin coated on a clean 

glass substrate. In this study spin coater 

SCS G3 system (from Specialty Coating 

Systems USA) was used, the spin- coating  

 

Fig. 3.3: Schematic of NIL (a) preparation of PDMS 
stamp from Master. Firstly, liquid PDMS is cast over 
a master containing the nanostructure pattern that is 
to be reproduced. The PDMS is then heat cured and 
released. (b) PDMS stamp is attached to a BK7 glass 
substrate with spin coated resist film on top, followed 
by crosslinking and removal of the stamp process.  

parameters were set to 2000 rpm for 120 s which results in a layer thickness of 120 nm. 

 

During the imprint step, a PDMS stamp 

with nanostructures on its surface is 

pressed into a thin resist (Amonil) cast on a 

substrate, followed by crosslinking (in UV-

chamber) and stamp release process. These 

steps duplicate the nanostructures on the 

stamp in the resist film. This is 

schematically shown in Figure 3.3 and the 

device used for imprint step is shown in 

Figure 3.4. In this study the crosslinking of 

Amonil layer was done by UV light (UV 

lamp Bio-Link 365 from Vilber Lourmat 

with the wavelength λ = 365 nm). The 

irradiation dose was set to 5 J cm
−2

. 

 

The morphology of the imprinted 

structures is observed by an atomic force 

microscope (AFM) or scanning electron 

microscope (SEM). 

 

Fig. 3.4: A device made for nanoimprint step in NIL 
technique. The PDMS stamp with nanostructures on 
its surface is pressed into a thin resist cast on a 
substrate. 

 

DC magnetron sputtering UNIVEX 450C (from Leybold Systems, Germany) is used for 

the thin films deposition in this study. The basic working principle of a magnetron 

sputtering system is schematically shown in Figure 3.5. The basic processes in DC 

magnetron sputtering are as follows: 
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In high vacuum chamber (pressure of 1 to 10 mTorr) inert gas atoms (typically Argon) 

are introduced. Then a DC voltage is placed between the target (source of the material 

desired to be deposited) and substrate, which ionizes argon atoms and creates plasma 

(ions and electron) in the chamber. This kind of set-up for sputtering was first discussed 

in the literature by W.R. Grove in 1852 [156]. 

Electrons released during argon ionization 

are accelerated towards the substrate, 

subsequently colliding with additional 

argon atoms, creating more ions and free 

electrons in the process. The ions are 

accelerated to the target and bombarded, 

their collision with the target ejects target 

atoms, which travel to the substrate and 

start to condense into a thin film [157]. 

One or more layers of ejected atoms can be 

created at will depending on the sputtering 

time, allowing for production of precise 

layered thin‐film structures. In this study a 

4-inch diameter Al and ITO target were 

used for plasmonic and dielectric 

nanostructures fabrication respectively.  

 

Fig. 3.5: Schematic shows the basics components 
and process of a magnetron sputtering system for the 
thin film deposition. The arrangement of the magnets 
creates a suitable magnetic field for the circulation of 
electrons near to the target surface and thus creates 
high density plasma. The closed-loop water-cooling 
circuit is for temperature control of the substrate.  

The target to substrate distance was about 10 cm. The sputtering process was done with 

the substrate cooled at 25 °C using a closed-loop water-cooling circuit. 

 

 

The samples were optically characterized 

using a Bruker Vertex 70 Fourier transform 

infrared spectrometer (FTIR), additionally 

equipped with a visible light source and 

integration sphere. The system is capable 

of making high quality transmission and 

reflection measurements. Direct 

transmittance was measured for normal 

incident light and referenced to the sample 

holder without sample (air). The optical 

system used for the angular reflectivity and 

transmission measurements in this work is 

home-made and it is schematically shown 

 

Fig. 3.6: Schematic of a home-made angular 
wavelength developed system used for the angular 
transmittance and reflectivity measurements typically 
from an angle of 0.3° to 60°. 

in Figure 3.6. The system consists of a white light source (halogen lamp from LSH102 

from LOT-Oriel) that is connected to an optical fiber M25L02 from Thorlabs (UK). The 

light emitted from the optical fiber tip is collimated by an achromatic lens 14 KLA 001 

CVI from Melles Griot (Germany). For the angular reflectivity measurements, the 

collimated light beam is made incident at the sample, mounted on a motor controlled 

rotation stage from Huber GmbH (Germany).  One motor was used for the control of 

angle of incidence, while the second motor was employed for rotating the optics 
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collecting the reflected light. For the angular transmission measurements, the second 

motor carrying the optics is fixed. The reflected/transmitted beam is coupled by the 

collimator F810SMA-635 from Thorlabs (UK) into an optical fiber M26L02 from 

Thorlabs (USA) that is connected to a spectrometer HR4000 from Ocean Optics (USA). 

Data acquisition and system control is performed by software developed in LabVIEW 

from National Instruments (USA).  

 

The morphological characterization in this work was carried out for the prepared 

nanostructure by using nanoscale microscopy, which includes scanning electron 

microscopy and atomic force microscopy. 

 

Scanning Electron Microscopy (SEM) is a 

powerful method for the investigation of 

surfaces and can be used for precise 

measurement of small features and objects 

down to few nanometer in size. Figure 3.7 

shows a schematic of typical SEM and its 

essential components. It consists of an 

electron source (electron gun), a series of 

lenses (condenser and objective), scanning 

coils and detector system. The electron 

beam (with energies typically up to 40 

keV) produced by the electron gun is 

directed through condenser and objective 

lenses onto a sample in the sample chamber 

and scanned along a pattern of parallel 

lines. During the scanning the interaction of 

electron beam with sample generates a 

number of different types of signals 

(secondary electron, backscattered 

electrons characteristic X-rays) emitted 

from the area where the electron beam is 

impinging. These various signals are colle- 

 

Fig. 3.7: Schematic diagram of a SEM. The electron 
beam produced by electron source is focussed onto 
the sample; a number of signals are generated due to 
interaction. These signals include secondary 
electrons, backscattered electrons. Image from: 
(science.howstuffworks.com) 

cted by a detector to form an image or data-set which provides the topographical, 

morphological and compositional information of the scanned surface of the sample [158]. 

(i) Secondary electrons  

When the electrons of the SEM beam collide with electrons of the atoms of the sample, 

some of the more weakly bound electrons may be ejected from these atoms, they are 

referred to as "secondary electrons (SE)". Technically, any electron ejected from an atom 

due to the collision with another high energy electron is a secondary electron. These 

electrons are fairly low energy electrons (̴ a few tens of eV) and emanate near the surface 

of the sample. The SE emanating deeper in the specimen are easily absorbed by the mass 

of the sample. The SE from the sample is attracted towards the tip of a detector known as 

secondary electron detector by applying voltage (typically 10 keV). The SE produces 

light, when it hits the fluorescent substance of the SE detector. The produced light is 

directed to a photomultiplier tube and finally converted to electrons. 
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These electrons are amplified as electric signal. Thus, the secondary electrons are useful 

in imaging the sample and the images produced by secondary electrons mainly provide 

morphology and topography information of the specimen surface. In this work, surface 

images of the prepared nanostructure films were recorded by SEM (Zeiss SUPRA 40) 

using an in-lens detector and 5 kV beam acceleration voltage. 

(ii) Backscattered electrons and characteristic X-rays 

When the electrons of incident beam collide with the nucleus of an atom of the sample it 

may be scattered in any direction without losing much of its energy. Those electrons 

scattered back towards the detector are referred to as "backscattered" electrons. They are 

often useful in imaging sample with a high mean atomic number and are thus often 

informative for determining the composition of the scanned sample. Higher accelerating 

voltages of the beam and higher mean atomic number samples atoms will yield greater 

backscattered electron signals. Furthermore in conjunction with SEM, energy dispersive 

x-ray spectroscopy is technique that utilizes x-ray emitted from the sample during the 

interaction of electron beam to characterize a localized chemical analysis (mostly 

elemental composition) of material imaged in a SEM [159].  

 

Atomic force microscopy (AFM) is based on sensing the forces (Van der Waals forces, 

dipole-dipole interactions, electrostatic forces) between a sharp tip (<10 nm) and the 

surface of sample, this allows the atomic resolution images of surfaces and the 

determination of the surface topography in the nanometer. One of the most common 

models of AFM is schematically depicted in Figure 3.8(a). The tip is supported on a 

flexible cantilever. AFM tips and cantilevers are typically micro-fabricated from silicon 

nitride or silicon nitride Si3N4. Typical tip radius is from a few to 10s of nm. 

 

 

Fig. 3.8: (a) Schematic of the basic AFM model. (b) A typical force–distance curve showing three regions for three 
primary imaging modes (i) Contact mode: when the spring constant of cantilever is less than surface, the cantilever 
bends due to repulsive VdW forces on the tip. An image of the surface is obtained in this region, by maintaining a 
constant cantilever deflection (using the feedback loops) thus the force between the tip and the sample remains 
constant (ii) Non-contact mode:  the tip does not contact the sample surface, but oscillates above the surface 
during scanning. The feedback electronic loop is used to monitor changes in the amplitude due to attractive VdW 
forces the surface topography can be measured and (iii) Tapping mode: the tip touch the surface only for a short 
time thus avoiding the issue of lateral forces and drag across the surface. 

The forces between the tip and the surface of the sample lead to a deflection of the 

cantilever according to Hooke´s law 𝐹 = −𝑘𝑥, where F is the force, 𝑘 is spring constant 
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and 𝑥 is the deflection of cantilever. The dominant interactions at short tip-sample 

distances in the AFM system are Van der Waals (VdW) interactions [160]. When the tip is 

in contact with the sample, it predominately experiences repulsive Van der Waals forces 

as shown in the force-distance curve in Figure 3.8(b-i). This mode of AFM operation is 

known as contact mode. As the tip moves further away from the surface of the sample 

attractive VdW forces are dominant as shown in force-distance curve. This mode of AFM 

operation is known as non-contact mode and it is schematically shown and explained in 

Figure 3.8(b-ii). A laser beam deflection system (reflecting from cantilever) is the most 

common detection method used in modern commercial AFMs, it was pioneered by Meyer 

and Amer [161, 162]. To acquire the image resolution, AFMs can generally measure the 

vertical and lateral deflections (reflecting a laser beam off the cantilever). The reflected 

laser beam strikes a position-sensitive photo-detector consisting of four-segment photo-

detector, as shown schematically in Figure 3.8(a). The differences between the segments 

of photo-detector of signals indicate the position of the laser spot on the detector and thus 

the angular deflections of the cantilever. The deflections of the cantilever is controlled by 

piezoelectric elements and a feedback electronics loop system in the AFM set-up [160]. 

Besides high resolution and the determination of three-dimensional images, AFM allows 

the examination of all kind of samples in ambient atmosphere for example non-

conductive and even surfaces in liquid can be scanned. In this work the periodicity, 

modulation depths and images of the prepared nanostructures were achieved by using 

AFM instrument from Molecular Imaging (USA). Tapping mode and standard tapping 

mode AFM tips PPP-NCHR-50 from NanoAndMore (USA) were used. 



 

 

 

 

The coupling of light to surface plasmons that originate from collective oscillations of 

free electrons at metallic surfaces allows tightly confining its energy. Such plasmonic 

confinement of electromagnetic field allows bridging between dimensions dictated by the 

sub-micrometer wavelength of light in visible and near infrared (NIR) part of spectrum 

and nanoscale size of species which are often used as emitting or absorbing materials 

[163]. Currently, we witnessed numerous approaches to plasmonic light management in 

optical devices including thin film photovoltaics [164] and light emitting diodes [165]. In 

these technologies, the implemented plasmonic structures are typically designed to couple 

light over broad range of wavelengths and angles of incidence. For plasmonic broadband 

absorption of light, the majority of explored metallic structures support localized surface 

plasmons (LSPs). The most common approach implies a geometry consisting of metallic 

nanoparticles that are separated from a continuous metallic surface by a thin dielectric 

spacer. Such metal-dielectric-metal configurations were investigated in form of periodic 

arrays of rectangular and cylindrical nanoparticles [166] or nanoholes [167] and they 

showed the possibility to harvest light over broad range of angles of incidence. However, 

the resonant coupling to LSPs typically occurs only in a very narrow spectral window. In 

order to broaden the LSP resonance, superimposing multiple LSP resonances was 

investigated by stacking of nanoparticles perpendicular to the surface [168], by arranging 

arrays of nanoparticles with different size in the lateral direction [169], or by using 

nanostructures with more complex shapes [167, 170]. Exploitation of propagating surface 

plasmons (PSPs) travelling along continuous metallic films was proposed for broadband 

absorption of light by using geometries with singularities [171]. This concept was 

experimentally carried out by using arrays of deep convex gold slits that were 

adiabatically tapered. Structures with slit tapers featuring the width as small as ~ 10 nm 

were prepared by focused ion beam (FIB) milling and broadband absorption of light over 

visible and near infrared part of spectrum was demonstrated [172]. Contrary to these, 

shallow periodic corrugation of metallic surfaces can be utilized by simpler means of 

fabrication over large areas by techniques such as laser interference lithography (LIL) or 

nanoimprint lithography (NIL). When coated with a metal, these structures act as gratings 

that can be tuned to nearly perfectly absorb light by diffraction coupling to PSPs. 

However, similar to LSPs, the diffraction excitation of PSPs is resonant and occurs only 

at narrow wavelength band which is highly sensitive to variations in the angle of 

incidence. In order to broaden the wavelength range where light is absorbed by 

diffraction coupling to PSPs, a metallic film with a periodically corrugated interface in 

the lateral direction was interfaced with one-dimensional photonic crystal in the direction 

perpendicular to the surface, generating a rich spectrum of surface plasmon-like modes 

[173]. Besides periodic structures, also non-periodic patterns were investigated for 

broadband collecting of light by diffraction and scattering-based coupling to optical 

waveguide modes and PSPs. It should be noted that the excitation and scattering of PSP 

on rough metallic surfaces was a subject to studies since seventies in the last century 
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[174]. More recently we witnessed investigations on engineered randomized arrays of 

metallic bars [175] and dielectric pillars [176] for trapping in optical waveguides and 

metallic films with quasiperiodic arrays of nanoholes [177] and relief gratings [178] for 

the excitation of SPPs that were fabricated by electron beam lithography or FIB. Here we 

present a new type of broadband plasmonic absorber that relies on a periodic corrugation 

of metallic surface with multiple superimposed spatial frequencies. This approach allows 

for simultaneous diffraction coupling to PSPs at series of resonant wavelengths that span 

over a broad spectral range. The structures exhibit low aspect ratio features which makes 

them compatible with a range of thin film devices where active layers (thickness in the 

range of 100–200 nm) are used to emit or absorb light propagating at broad range of 

incident angles and wavelengths in the far field. 

 

 

The investigated geometry consists of a metallic surface with relief corrugation profile 

that comprises multiple spatial frequencies. As indicated in Figure 4.1(a), this corrugation 

was designed to simultaneously excite PSPs at a series of distinct wavelengths. The 

corrugation (multi-diffractive grating nanostructures) was prepared by sequential LIL 

recording of a periodic sinusoidal interference pattern with varied period Λ into a 

photoresist layer. The angle of the interfering beams (intensity 32 µW/cm
2
) was set to 

17.68, 15.39 and 13.62 deg which corresponds to periods of Λ1=535, Λ2=612 and Λ3=690 

nm, respectively. In order to record a multi-diffractive structure, the photoresist layer was 

sequentially exposed to the interference field at each respective angle for 95 seconds. For 

the preparation of crossed gratings, the sequential exposure to interference fields was 

carried out twice for two orientations of the sample rotated by 90 degrees. Prepared 

photoresist grating were developed, and afterwards copied by UV nanoimprint 

lithography (UV-NIL) into 200 nm thick layer of Amonil MMS10 from AMO Gmbh 

(Germany). Such prepared replicas were subsequently coated with Al film with a 

thickness of dAl ~100 nm by sputtering (UNIVEX 450C from Leybold Systems, 

Germany) and photoactive layer with a thickness of about da=35–40 nm. It should be 

noted that each sample comprised an area that was structured and an area that was flat 

and served as a reference in the optical measurements. 

The materials used for making the photoactive layer film are regioregular poly(3-

hexylthiophen-2,5-diyl) (P3HT) with a molecular weight MW=25–45 kDa and the 

fullerene derivative [6,6]-phenyl-C61-butyric acid methyl ester (PCBM), obtained from 

Sigma Aldrich (used without further purification). Both polymer materials were dissolved 

in chlorobenzene in a ratio of 1:1 and stirred at temperature of 70 °C for 3 h. To ensure a 

complete dissolution of P3HT and PCBM, the polymer blend was stirred for an additional 

15 h at room temperature. For the demonstration of plasmonic multi-diffractive absorber, 

the P3HT: PCBM polymer blend (9 g L
-1

) was spun onto the multi-diffractive grating 

structure coated with 100 nm of Al at 1200 rpm for 120 s. After the thermal annealing at 

150 °C for 15 min, the thickness of prepared polymer film of da=35–40 was determined 

on a reference flat glass substrate. 
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Fig. 4.1: (a) Geometry of a multi-diffractive grating with Al and P3HT: PCBM layers, (b) corrugation profile of 2D 
crossed multi-diffractive grating observed with AFM and (c) cross-section of the height dependence h(x) indicated 
as a dashed line in (b) with (d) respective FFT spectrum. Adapted with permission from [179].  

 

P3HT: PCBM was chosen as a model material because it is commonly used as the 

photoactive material layer in organic photovoltaic research [180]. This polymer blend 

strongly absorbs light at wavelengths around 500 nm but above the wavelength of 600 nm 

its absorption rapidly decreases. In order to absorb light in P3HT: PCBM more efficiently 

in the spectral window between 600–750 nm, the underneath Al surface was corrugated 

by a crossed grating with three encoded periods Λ1=535 nm, Λ2=612 nm, and Λ3=690 nm 

as shown in Figure 4.1(b). Fourier transform analysis of a corrugation profile cross-

section that is shown in Figure 4.1(c) was used to determine amplitudes a1, a2, and a3 for 

each recorded period Λ1, Λ2, and Λ3, respectively. The obtained Fourier spectrum in 

Figure 4.1(d) reveals that the prepared corrugation profile exhibits distinct peaks 

corresponding to modulation amplitudes of a1=15.3 nm, a2=18.5 nm, a3=14.3 nm. In 

general, superimposing of spatial frequencies leads to their mixing and thus there occur 

additional modulations with periods 1/(1/Λp ± 1/Λq), where p and q are integers. For the 

selected periods Λ1, Λ2, and Λ3, the subtractive frequency mixing 1/(1/Λp –1/Λq) gives rise 

to periods Λ of several micrometres. On the other side, the additive mixing 1/(1/Λp+1/Λq) 

is represented by series of peaks at Λ=260–350 nm in the Fourier transform spectrum.   

 

The periods in the investigated geometry were chosen based on the phase-matching 

condition in order to couple normally incident light to PSPs at the interface between Al 

and P3HT: PCBM. The coupling wavelengths were chosen with about 75 nm spacing in 

this spectral region. Relief periodic modulation of Al surface allows for diffraction 

coupling of far field optical waves to PSPs. On a linear 1D grating this coupling occurs 
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when an impinging transverse magnetically polarized (TM) wave is phase-matched with 

PSPs by the grating momentum 2𝜋/Ʌ: 

 
±𝑅𝑒{ 𝑘𝑝𝑠𝑝} = 𝑘𝑜 sin(𝜃) + 𝑚

2𝜋

Ʌ
, 

(10) 

where θ is the angle of incidence of the 

incident optical beam, 𝑘𝑜 = 2𝜋/𝜆 is the 

wavenumber of light in vacuum, 𝑚 is the 

diffraction order, and 𝑘𝑝𝑠𝑝 is the 

propagation constant of PSP modes at the 

Al surface. As illustrated in Figure 4.2(a), 

the phase- matching occurs at wavelengths 

where the PSP dispersion relation 

intersects with that of diffracted light. On 

Al surface in contact with air (without 

P3HT: PCBM), normally incident light 

beam couples to PSPs via the first 

diffraction order (𝑚 = ±1) at wavelengths 

𝜆 between 540 and 700 nm when the 

grating period is tuned between Ʌ=535 nm 

and Ʌ=690 nm. The experimental data in 

Figure 4.2(b) reveal that on linear 1D Al 

grating with periods Ʌ1=535 nm, Ʌ2=612 

nm, and Ʌ3=690 nm and amplitudes 

a1=15.3 nm, a2=18.5 nm, a3=14.3 nm a 

polychromatic normal incident beam 

simultaneously excites PSPs at three 

distinct wavelengths of λ=540, 630 and 

700 nm. The PSP excitation manifests 

itself as reflectivity dips at wavelengths 

that agree with the values predicted by the 

phase-matching condition (compare with 

blue-marked intersections in Figure 4.2(a). 

At these wavelengths, the energy of an 

impinging optical beam with TM is 

transferred to PSPs and dissipates due to 

Ohmic losses in the metal. When 

increasing the polar angle of incidence θ, 

each resonance splits into two branches 

due to the plus and minus first order 

diffraction coupling (𝑚 = +1 or − 1). The 

coupling that is associated with the 

additional spatial frequencies originating 

from mixing between Ʌ1, Ʌ2 and Ʌ3 is not 

observed in the wavelength range of 400–

850 nm. The reason is that respective 

periods are either too short (around 300 

nm) or too long (several µm) and do not 

allow fulfilling the required phase-

matching condition. 

 

 

Fig. 4.2: (a) Diffraction phase matching of PSP 
dispersion relation on Al surface without (blue line) 
and with (red line) the P3HT:PCBM layer. Polymer 
layer thickness is of da=40 nm. For comparison, the 
imaginary part of P3HT:PCBM refractive index Im{na} 
is shown. (b) Measured dependence of TM specular 
reflectivity on polar angle θ and wavelength λ for 1D 
three-diffraction Al grating without P3HT:PCBM layer. 
The specular reflectivity from the corrugated surface 
was normalized with that measured on a flat Al 
surface in contact with air. (c) The AFM image of 1D 
three-diffraction Al grating. The modulation amplitudes 
for corrugated surface are a1=15.3, a2=18.5, and 
a3=14.3 nm and periods Λ1=535, Λ2=612, and 
Λ3=690 nm. The plane of incidence is defined by x 
and z axis (with ϕ=0). Images (a) and (b) are adapted 
with permission from [179] 
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After depositing P3HT:PCBM film on a flat Al surface, the reflectivity decreases in the 

wavelength band between 450 and 600 nm where this polymer blend exhibits strong 

absorption. The measured data in Figure 4.3(b-d) show that when P3HT:PCBM layer is 

deposited on a corrugated surface of 1D three-diffraction Al grating, additional three 

reflectivity dips occur in the NIR part of spectrum besides the absorption band of 

P3HT:PCBM.  

 

 

Fig. 4.3: (a)-(d) Measured specular TM reflectivity from 1D three-diffractive gratings for increasing modulation 
depth as showed in (e) respective corrugation profile cross-sections. (f) Overview of determined corrugation 
amplitudes of modulations at periods Λ1, Λ2, and Λ3. The Al surface was coated with a 35-40 nm thick layer of 
P3HT:PCBM.The plane of incidence is defined by x and z axis (ϕ=0). Adapted with permission from [179] 

 

These dips are associated with the coupling to PSPs at wavelengths that are red shifted 

with respect to those observed on the Al surface in contact with air. The reason is that the 

polymer layer exhibits large real part of the refractive index Re{na} which increases the 

PSPs propagation constant Re{kPSP}. The three SPR resonances occur at wavelengths 

λ=635, 685 and 750 nm which is in the spectral region where P3HT:PCBM exhibits small 
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imaginary part of refractive index [Im{na}=0.16 at λ=600 nm 0.02 at λ=750 nm was 

measured by ellipsometry as seen in Figure 4. 2(a)] and thus it only weakly absorbs. One 

can see that the simultaneous coupling to these three PSPs modes at the Al interface 

efficiently extends the absorption on the surface in the selected wavelength range λ=600–

750 nm. The coupling strength to PSPs can be controlled by tuning the modulation 

amplitude a at each period Λ. In order to demonstrate this, three samples with amplitudes 

a1, a2, and a3 between 0 and 10 nm were prepared and coated with Al and P3HT:PCBM 

polymer layers (see Table in Figure 4.3f). Measured specular reflectivity spectra in Figure 

4.3(b-c) reveal that the resonance dips associated to PSP diffraction coupling by Λ1, Λ2 

and Λ3 appear for weakly modulated surfaces at wavelengths predicted by the phase-

matching condition (compare with Figure 4.2a). For deeper grating presented in Figure 

4.3(d), the resonances are slightly red shifted which can be attributed to changes in the 

propagation constant of kPSP caused by the curved Al interface. In addition, variations in 

the thickness of P3HT:PCBM layer occur on the stronger corrugated surface leading to a 

non-conformal geometry (AFM observations showed that the polymer preferably filled 

the grating valleys leading to the surface with substantially weaker corrugation at the 

polymer: air interface). 

The above discussed data were measured on linear 1D gratings with a light beam that is 

TM polarized. For such geometry, the orthogonal transverse electrically (TE) polarized 

light beam does not couple to PSPs and is reflected similar to flat layers shown in Figure 

4.3(a). In order to achieve strong broadband plasmonic absorption for both polarizations, 

a crossed 2D grating with a three-diffraction profile was prepared and coated with Al and 

P3HT:PCBM layers. Diffraction then occurs via grating momenta in both orthogonal x 

(indexed with m) and y (index with n) directions and the phase-matching condition can be 

expressed by using polar θ and azimuthal ϕ angles as 

 
𝑅𝑒 {𝑘𝑝𝑠𝑝}2 = [𝑘𝑜 sin(𝜃) cos(𝜙) + 𝑚

2𝜋

Ʌ
]

2

+ [𝑘𝑜 sin(𝜃) sin(𝜙) + 𝑚
2𝜋

Ʌ
]

2

. 
(10) 

As can be seen in Figure 4.4(a) and 4.4(b), pronounced SPR dips occur both in TM and 

TE specular reflectivity wavelength spectrum due to the simultaneous diffraction 

coupling by periods Λ1, Λ2, and Λ3 and orders (m,n)=(±1,0) and (0,±1). For TM polarized 

light and an azimuthal angle of ϕ=0, SPR dips split when increasing the angle of 

incidence θ as the coupling occurs via diffraction orders (±1,0) similar as for the 1D 

linear grating. However, the resonant wavelengths only weakly change with θ for the TE 

polarized light that couples to via a grating vector perpendicular to the plane of incidence 

(0, ±1). The wavelength dependence of specular reflectivity R0 in Figure 4.4(c) compares 

the spectra measured on flat and corrugated Al surfaces for the polar angle θ=3 deg and 

azimuthal angle ϕ=0. As the polar angle θ is close to zero, reflectivity curves measured 

for TM and TE polarization are similar because the structure is symmetrical and thus 

polarization insensitive at normal incidence. The small difference between TE and TM 

reflectivity curves can be explained by the effect of resonance splitting due to slightly 

deviated angle θ. In the wavelength range of 650–750 nm more than 90 percent of light 

intensity is reflected from P3HT:PCBM layer on the top of a flat Al surface. However, 

the specular reflectivity R0 drops to less than 30 percent when the Al interface is 

corrugated by the developed crossed 2D grating. It should be noted that besides the 

specular reflection also coupling of the incident light wave to other non-specular waves 

occurs via propagating diffraction orders below critical wavelengths associated with 

recorded periods Λ1, Λ2, and Λ3 as well as due to the mixing of spatial frequencies. In 

order to evaluate this effect, total reflectivity was measured for a fixed angle of incidence 
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θ=13 degree by using an integration sphere and it was compared to the specular 

reflectivity at the same angle θ. The data is presented in Figure 4.5. The measured total 

reflectivity study shows that for long wavelengths > 800 nm the specular reflectivity R0 

and total reflectivity are similar. However, at short wavelengths the diffraction competes 

with specular reflection and it becomes more pronounced. At wavelength of λ=500 nm 

around 20 % of light intensity is scattered to propagating diffraction orders on crossed 

multi-diffractive grating. The above experimental work was supported and confirmed 

with the finite difference time domain (FDTD) simulations and can be find in the 

reference [179]. The simulations were performed by Hamid Keshmiri. 

 

 

Fig. 4.4: Measured (a) TM and (b) TE specular 
reflectivity from a 2D (crossed) three-diffractive 
grating with Al and P3HT:PCBM layers. The profile of 
the structure is shown in Figure 4.1(b-d). The 
thickness of Al is 100 nm and thickness of active 
layer (polymer blend) is da=35–40 nm. (c) Cross-
section of the specular reflectivity R0 for a fixed angle 
of θ=3 deg and azimuthal angle ϕ. Adapted with 
permission from [179]. 

 

 

Fig. 4.5: Specular reflectivity measured with 
unpolarised light from (a) flat Al surface (b) 2D 
(crossed) three-diffractive Al grating coated with  
P3HT:PCBM layers and (c) Comparison of wavelength 
spectra obtained for a fixed angle of incidence θ=13 
deg by using a system that measures total reflectivity 
and specular reflectivity from a flat and corrugated 
structures. Adapted with permission from [179]. 
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This work demonstrates that multi-diffractive plasmonic structure enhances the 

absorption in the P3HT:PCBM by a factor of 2.9 in the spectral window 600–750 nm 

where it is inherently weakly absorbing. Over the whole visible/NIR part of spectrum 

400–750 nm the number absorbed photons in P3HT:PCBM is increased by 28 %. Further, 

let us point out that the chosen geometry demonstrating the enhanced absorption in a thin 

photoactive layer (da=35–40 nm) differs from those used in solar cell devices. In the 

presented work, we chose a thin absorber layer in order to simplify the analysis of the 

presented concept as then PSPs are the only guided modes on the surface that can be used 

for the trapping of light. Thin film OPV solar cells typically rely on absorber layers with 

thickness da=100–200 nm and then the layer structure supports additional waveguide 

modes. Indeed, the concept of enhancing absorption by multi-diffractive grating can be 

adopted for these waveguide modes as well and it can offer the advantage of smaller 

losses associated with the attenuation in metal. 

 

The use of plasmonic nanostructures has the tendency to increase parasitic optical 

absorption loss due to the metal, which competes with absorption in the photoactive layer 

of the solar cell device [181, 182]. Therefore we witnessed numerous approaches for 

optical manipulation of light in field of thin film solar cells, based on dielectric 

nanostructures [133, 183]. 

Indium tin oxide (ITO) is the most commonly used material for the preparation of 

transparent conductive electrodes, can be widely used as an antireflective and transparent 

electrode layer in OPV. It offers the advantage of high transparency in the visible 

spectrum of light (typically 85%) and good conducting properties (resistivity in the low 

10
−4

 Ω cm regime) [135, 184]. To obtain state-of-the-art optical and electrical properties, 

ITO films are commonly deposited at high temperature or require high temperature post 

deposition treatment [105, 124, 139-141, 185-187], which is a handicap for e.g. flexible 

substrate devices. To this respect, it is highly attractive to improve the ITO properties for 

ambient temperature deposition.  

Numerous approaches to integrate AR or light trapping nanostructures to ITO films have 

been pursued. A three-dimensional ITO nanohelix array, fabricated using an oblique-

angle-deposition technique, was proposed as a multifunctional electrode for bulk 

heterojunction organic solar cells in order to simultaneously improve light absorption and 

charge carrier extraction from the active region [143]. Arrays of parabola-shaped 

subwavelength ITO nanostructures were utilized as AR in silicon-based solar cells, which 

were prepared by laser interference lithography combined with dry etching and 

subsequent sputtering processes [142]. Embedded ITO biomimetic nanostructures were 

used for light trapping and as AR in hydrogenated amorphous silicon solar cells. They 

were prepared by using polystyrene nanosphere lithography on an index-matching 

silicon-nitride layer, followed by reactive ion etching [144]. In another report, the ITO 

electrode layer of an organic LED was textured with one and two dimensional gratings to 

extract light trapped in waveguide modes and thus enhance the efficiency of the device.  

The gratings were fabricated by using laser interference lithography and physical plasma 

etching, followed by a lift off process [188]. ITO nano-rods grown by oblique electron-

beam evaporation were demonstrated to provide increased optical transmittance for LED 
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applications [140]. In another work, ITO nano-rod film grown on a glass substrate  using 

radio frequency magnetron sputtering was reported having sheet resistance and 

transmittance (at 500 nm) of  90 Ω/square and 85 %, respectively [189]. In a nutshell, the 

reported nanostructures are complex, requiring multi-step processing and post deposition 

treatment. Furthermore, most of these works focus on the performance of devices, 

without detailed information on the optical characteristics of ITO electrode itself [140, 

144]. In this work, we report on a facile route to fabricate nanostructured transparent ITO 

electrodes at room temperature with the improved optical transmission compared to that 

of the flat films. It is based on a combination of nanoimprint lithography (NIL) and 

sputtering, without any additional post deposition treatment e.g. complex etching and 

annealing steps. This approach holds potential for the cost-efficient implementation of AR 

or light trapping which can be scaled up [138] and find its application, in e.g. emerging 

field of flexible electronics.   

 

 

The investigated geometry is schematically shown in Figure 4.6 and it consists of a 

periodic cross grating that is conformally coated with an ITO film. Geometrical 

parameters of the corrugated surface are studied that would allow its use for two specific 

purposes. Firstly, to act as a broadband absorber, by suppressing transmittance via the 

excitation of waveguide modes travelling along the ITO film. Secondly, to work as AR-

coating for increasing the transmittance by reducing the reflectance of the incident light 

intensity at the ITO film interfaces. In particular, the effects of the grating period Λ, the 

modulation depth MD are assessed. 

 

The periodic master structures, later used 

for the NIL, were prepared by using UV 

laser interference lithography (LIL) into 

the positive photoresist. The angle of the 

interfering beams was set to 54.34°, 

32.79°, 23.97° and 18.96°  which 

corresponds to periods of Λ=200, 300, 400 

and 500 nm, respectively. In order to 

record a cross grating structure, the 

exposure was carried for two orientations 

of the sample with a rotation angle of 90°.  

 

Fig. 4.6: Investigated geometry of nanostructured ITO 
films. Adapted with permission from [190]. 

The total exposure dose was 19 mJ cm
−2

. The exposed samples were developed, and 

afterwards copied by UV-NIL into 200 nm thick layer of Amonil MMS 10 from AMO 

Gmbh (Germany) by using protocols mentioned in section 3.1 chapter 3. The obtained 

cross grating structures were coated with 110 nm of ITO by DC magnetron sputtering 

(UNIVEX 450C from Leybold Systems, Germany) in pure Ar atmosphere from 4-inch 

diameter ITO (In2O3:SnO2=90:10 wt. %) target with a purity of 99.9 %. The sputtering 

was performed at a power of 20 W and 0.2 Pa gas pressure, yielding a sputter rate of 

0.086 nm/s. The target to substrate distance was about 10 cm. The sputtering was done 

with the substrate cooled at 25 °C using a closed-loop water-cooling circuit. 

The morphology of the prepared samples was observed with atomic force microscopy 

from Molecular Imaging (USA). Tapping mode and standard tapping mode AFM tips 
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PPP-NCHR-50 from NanoAndMore (USA) were used. In addition to AFM imaging, 

samples were also observed with scanning electron microscopy from Zeiss Microscopy 

(USA). The morphology of the prepared of samples with periodically corrugated ITO 

layer can be seen in Figure 4.7, AFM was used to observe the morphology of the 

structures that exhibited modulation depth of MD=100–120 nm and period Λ=200, 300, 

400, and 500 nm. The sheet resistance of ITO films was measured by four point probe 

method. The sheet resistance of the flat ITO film dITO=110 nm was of 30±3 Ω/square. The 

nanostructured ITO films with the same ITO layer thickness presented a slightly 

increased sheet resistance of to 35±3 Ω/square. These values are quite low, considering 

the fact that the ITO was deposited without substrate heating and it is worth of noting that 

the sheet resistance can be further improved by post annealing. Amonil MMS 10 is 

thermally stable to 150 °C, and its use will not limit its use in the modern next generation 

of flexible organic photovoltaics and optoelectronics devices. 

 

 

Fig. 4.7: AFM (top and bottom panels) and SEM (middle panels) characterization of nanostructured ITO films with 
period Λ and modulation depth MD of (a) Λ = 200 nm (MD = 120 nm), (b) Λ = 300 nm (MD = 110 nm), (c) Λ = 
400 nm (MD = 120 nm) and (d) Λ = 500 nm (MD = 100 nm). Adapted with permission from [190]. 

 

As seen in Figure 4.8 (a), the optical transmittance of the structures with periods Λ=200–

500 nm was recorded as a function of wavelength in the spectral window λ=400–900 nm 

for the normally incident beam θ=0. For the nanostructured sample with a period of 

Λ=200 nm, the transmission above λ>450 nm is strongly increased and maximum 

enhancement by 10 % occurs at λ=568 nm. For the sample with longer period Λ=300 nm, 

the transmission is enhanced at longer wavelengths λ>600 nm similar to the previous 

sample (maximum enhancement by 10 % is observed at λ=700 nm). At shorter 

wavelengths around λ~500 nm the transmission decreases by about 50 % due to the first 

order diffraction coupling to TM0 and TE0 waveguide modes. When further increasing the 

period Λ, the spectral range below which light is trapped at the surface is shifted to longer 
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wavelength (to λ<650 nm for Λ=400 nm and λ<800 nm for Λ=500 nm). On the other side 

at longer wavelengths the transmittance is improved and the corrugation serves as 

antireflection nanostructure. The transmittance decreases owing to the reflection at the 

interfaces of ITO/air superstrate and Amonil/ITO. The structure-induced continuous 

change in the effective refractive index through the layer allows suppressing such 

reflections, which occurs at interfaces with abrupt refractive index changes. This effect 

can be seen at wavelengths λ, which are above the spectral region where light, couples via 

diffraction to waveguide modes. 

 

 

Fig. 4.8: (a) Measured transmission spectra for flat and nanostructured ITO films of thickness 110 nm with periods 
Ʌ=200, 300, 400, and 500 nm as indicated in the graph (b) Measured transmission from fixed period at 200 nm, 
fixed ITO thickness at 100 nm for increasing modulation depth from 0–120 nm. Adapted with permission from 
[190]. 

 

Importantly, the diffraction excitation of the guided wave is angularly sensitive and 

depends on the azimuthal φ and polar θ angles of the incident light beam [38]. This effect 

was investigated for the polar angle varied between θ=0 and 22° and the azimuthal angle 

set to φ~0. On a reference sample with flat ITO layer, the transmittance does not vary 

when increasing the polar angle θ, see Figure 4.9(a). When tilting the beam hitting the 

surface of the sample carrying corrugated ITO film with the period Λ=200 nm, the 

transmittance decreases at a narrow band at λ<450 nm, see Figure 4.9(b). When 

increasing the period to Λ=250 nm and Λ=300 nm [see Figure 4.9(c) and (d), 

respectively], this band shifts to longer wavelengths, similar to the normal incident beam 

(see Figure 4.8). On these samples, the changing of polar angle θ leads to a split of the 

band to two branches that weakly shift with θ. In addition, there occur two branches with 

resonant wavelengths linearly increasing and decreasing with θ which forms a 

characteristic V-shaped feature. The spectral bands that weakly shift with the angle θ are 

due to the first diffraction order excitation of TM0 and TE0 modes travelling in the 

direction perpendicular to the plane of incidence (marked as ┴ in the Figure 4.9). The V-

shaped branches are associated to the diffraction coupling to these modes in the direction 

lying in the incidence plane and splitting to plus first and minus first orders marked as ║ 

in the Figure 4.9. Furthermore, as it is crucial to study the performance of nano-photonic 

structures at high angle of incidence. Therefore the angular response of the samples at 

high incident angle was measured in range e.g. 0–60 degrees. Similar trend in the 

diffraction coupling to waveguide modes occurs when increasing polar angle up to 60°, as 

illustrated by the measurements presented in Figure 4.10(b).  
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Besides changing the period Λ, the effect of varying modulation depth MD between 0 and 

120 nm was studied as shown in figure 4.8(b). The transmittance gradually increases with 

MD and the highest increase by about 10 % occurs in the red part of spectrum for the 

period Λ = 200 nm. Let us point out the simulation studies of ITO nanostructures [190] 

(by Dr. Martin Bauch for this work ) predict that higher transmittance can be achieved for 

deeper structures, however in the herein presented work the modulation depth was limited 

to MD = 120 nm. The reason is the limitations imposed by the used UV-NIL process, 

which does not allow reliable imprinting of structures with higher aspect ratio. In 

addition, the use of high aspect ratio nanostructures deployed to devices may introduce 

non-uniform electric field strength and eventually deteriorate their electronic performance 

characteristics [191]. 

 

 

Fig. 4.9: Measured optical transmittance of un-polarized light through 110 nm thick ITO film with (a) flat surface 
and corrugated interfaces with the period of (b) 200 nm, (c) 250 nm and (d) 300 nm. The modulation depth of 
corrugated samples was of MD=120 nm. The dependence in wavelength λ and polar angle θ is showed for the 
azimuthal angle φ~0. Adapted with permission from [190]. 

 

In order to demonstrate the antireflection properties of nanostructures, the reflectance 

from ITO film with dITO = 110 nm, period of Λ = 300 nm and modulation depth around 

MD = 130 nm was measured as a function of wavelength at fixed angle of incidence θ = 

13°. The data is shown in Figure 4.10(a) and it shows that the increase in the 

transmittance is complemented by the decrease in the reflectance and the red part of 

spectrum is lowered by 12 %. 



56 Results 

 

 

 

Fig. 4.10: (a) Comparison of reflectance and transmittance spectra at θ = 13° for flat and nanostructured ITO films 

with a thickness of dITO = 110 nm, period of Λ = 300 nm and MD = 130 nm. (b) Measured optical transmittance of 

un-polarized light through 110 nm thick ITO film have corrugated interfaces with the period of 300 nm. The 

modulation depth of corrugated samples was of MD=120 nm. The dependence in wavelength λ and polar angle θ 

is showed for the azimuthal angle φ~0. Adapted with permission from [190]. 

 

As seen in Figure 4.8(a) the waveguide resonances are smeared as their spectral width is 

broader, which can be ascribed to irregularities of the prepared nanostructures and to the 

divergence of the polychromatic optical beam used in the optical measurements. In the 

following sections, we investigated the irregularities of the prepared nanostructured and 

its effects on the shape of the optical waveguide resonances.  

(a) Irregularities of the prepared nanostructures 

Figure 4.11 illustrates a loss of fidelity upon the replication process by using AFM 

observation of two samples (named sample 1 and sample 2) with Ʌ=300 nm. It shows 

smearing of the nanostructure pattern due to small deviations in the transfer of the motif 

by using a PDMS stamp (assumedly due to the mechanical moving upon the curing). The 

variations in the profile of the nanostructured ITO film are seen from three cross section 

of the height dependence marked as lines (i), (ii) and (iii). The AFM profile analysis 

shows that sample 1 is smeared and shows broader peaks than sample 2 (deviation less 

than 20 %). A typical peak height variation is 5 %. 

(b) Optical system 

Figure 4.12 shows the optical transmittance of the nanostructured ITO films dITO= 110 nm 

having periodicity in the nanostructures Ʌ= 300 nm and modulations depths shown in 

Figure 4.11. The transmittance was measured with two different optical systems, Bruker 

Vertex 70 commercial optical system and homemade optical system. The commercial 

optical system uses a non-collimated beam; the beam was focused to a 1 mm diameter 

spot size on the sample. The homemade optical system uses a collimated beam; the 

diameter of the collimated light was reduced to 2 mm spot size on the sample by using an 

aperture. The schematic presentation of the both systems is shown in Figure 4.12(a-b 

inset). 
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Fig. 4.11: AFM images and profiles of the nanostructured ITO films having period Ʌ= 300 nm and ITO thickness 
dITO =110 nm. Sample-1 shows irregularities in the modulation depths compared to sample-2.  

 

 

Fig. 4.12: Measured transmission spectra from sample-1 and sample-2 with commercial and homemade optical 
systems. Both samples have same ITO thickness dITO = 110 nm, period Ʌ= 300 nm and modulation depths MD 
as indicated in the Figure 4.11. Adapted with permission from [190]. 

 

The main challenge in the field of nanofabrication is to achieve procedures that ensure 

controlled nanostructure patterning on large areas and exhibit good optical quality. For 
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instance in reference [188], it has been proven by optical transmission measurements that 

the resonant mode has a drift of 0.4 % over the 5 mm length of the ITO grating samples. 

Therefore, let us discuss the spatial homogeneity of transmittance for the prepared ITO 

nanostructures samples. The dimension of each substrate was 25 × 25 mm and it 

contained 15 × 15 mm nanostructured area in its central part; see Figure 4.13(a). Optical 

transmittance was measured at five spots (area 0.8 mm
2
) and over larger area of 78.5 mm

2
 

for the same sample. As seen in Figure 4.13(b), small variation of around 1 nm (0.2 % 

Δλ/λ) occurs in the spectral position of the resonant coupling to waveguide modes and the 

transmittance changed by less than 2 % at longer wavelengths. This shows that the 

nanostructured films produced in this work have excellent homogeneity and optical 

quality over the entire structured area of the substrate. 

 

 

Fig.  4.13: (a) Spatial homogeneity of transmittance for nanostructured ITO films with a thickness of dITO = 110 nm, 
period of Λ = 300 nm and MD = 130 nm measured at θ = 0. Inset shows a photograph of the nanostructured ITO 
sample. The optical transmittance was measured at five spots having an area 0.8 mm2 and over a larger area of 
78.5 mm2. (b) Small variation of around 1 nm (0.2 % Δλ/λ) in the spectral position of the resonant coupling. 

 

The fidelity of high aspect ratio nanostructure pattern transfer is an important issue in the 

field of nanofabrication and defects in the transferred pattern could be generated [192, 

193]. Figure 4.14(a) shows the master prepared in this work with laser interference 

lithography, having Ʌ=200 nm and modulation about MD=250 nm. Such high aspect 

ratio nanostructure could be prepared easily with proper dose during laser interference 

lithography exposure process and proper developing time during development process. 

Making copy replica from such subwavelength nanostructures with nanoimprint 

lithography technique as schematically shown in 4.14(b) becomes difficult by using the 

soft PDMS stamp. The nanostructure either completely collapsed as shown in Figure 

4.14(d) or shows high irregularities in MD or period as shown in Figure 4.14(c). This 

happens during the nanoimprint lithography process illustrated in Figure 4.14(b), either 

making the PDMS stamp from master [curing parameters, which include curing times at 

different temperatures, ratio of the polymer for hardening and low Young's modulus 

(∼1.8 MPa)] or making replica from PDMS stamp (pressing parameters: which include 

imprint force and mechanical movements of surfaces during PDMS stamp and sample 

pressing step). Due to these limitation, in this work we had control for nanostructure 

having Ʌ=200 nm and MD in range 20–120 nm.  
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Fig. 4.14: (a) AFM image and profile of master prepared with LIL having period 200 nm and MD above 250 nm (b) 
schematic of NIL process used for the fabrication of replica (c) high irregularities in the nanostructures occurred 
during NIL process and (d) nanostructures collapsed during NIL process. Adapted with permission from [190].  

 

This work shows that the dense cross gratings of the corrugated and conformal ITO 

enhance the light transmission in the 450–850 nm range by 8% (absolute) compared to 

flat ITO films. This is one of the largest performance improvements reported in the 

literature for nanostructured transparent electrodes. While increasing the grating period 

shifts the threshold for diffraction-coupling to waveguide modes in the visible and near-

infrared part of spectrum, resulting in broad light trapping behaviour at wavelengths 

below this threshold. This work demonstrates a simple processing route at ambient 

temperature for the fabrication of high-performance transparent electrodes in order to 

fulfil different device requirements. Furthermore, the experiments were supported by 

numerical simulations and can be find in the reference [190]. The simulations were 

performed by Dr. Martin Bauch. 

 

Metal nanowires (NWs) have attracted a great deal of interest during the last decade 

because of their unique electronic and optical properties along with their applications in 

thin films solar cells, sensors, organic light-emitting diodes (OLEDs), liquid-crystal 

displays (LCDs). The research on metal NWs focuses on the following main three 

purposes: 

Transparent electrodes (TEs) are an inevitable component, which play a pivotal role in a 

variety of modern devices such as touch screens; LCDs, OLEDs and thin film solar cells. 

Traditionally, this role has been well served by state-of-the-art large bandgap 

semiconductors doped with metal, known as transparent conductive oxides (TCOs) [194]. 

Among the TCOs, indium tin oxide (ITO), aluminium-doped zinc oxide and fluorine-
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doped tin oxide is commonly used as TEs in optoelectronic devices owing to its low sheet 

resistance transmittance over the whole visible range and suitable work function [135]. In 

recent years various concepts have been investigated for the replacements of ITO. Among 

them, transparent metallic electrodes based on nano-pattern plasmonic metals (Ag, Au, 

Cu and Al) have attracted a lot of attention due to their unique optoelectronic properties. 

Due to recent advances in nanoscale fabrication techniques the nano-patterning of the 

metallic films provide viable alternative to TCOs as transparent electrode. In an effort to 

replace TCOs, metal NWs were recently investigated, because the conductive electrode 

based on metallic nanostructures could potentially lead to the development of low cost 

and high performance large area transparent electrodes. For example, Ag NWs 

functioning as transparent electrode to replace ITO electrode in thin film solar cells was 

successfully demonstrated [70, 146, 151]. Similarly, in another work, 40 nm thick Au 

periodic lines as TEs were demonstrated for OLED applications [195]. 

  

The nano-patterned metal based transparent electrodes (NPMTEs) provide opportunities 

to manipulate photons and electrons that are not possible for flat transparent electrodes. 

The light manipulation (scattering and coupling) in NPMTEs provides additional benefits 

for device applications, particularly for thin film photovoltaics solar cells where light 

scattering enhances the light absorption in the active layer. For example, periodic Ag 

nanowires with a line width of 55 nm were successfully employed as transparent 

electrodes and for light manipulation purposes in organic solar cells. A 35% overall 

increase in PCE of the device due to surface plasmon enhanced photocurrent was 

observed [146]. In another work, a nanoscale dense Cu mesh structure was replicated by 

using a high modulus PDMS stamp. The author shows that the transmittance is increased 

by reducing the linewidth of the mesh pattern and an average transmittance of 75% was 

achieved [196].  

  

Despite its brittleness [197], ITO is widely used as transparent electrode material due to 

its relatively high conductivity and transparency, which leads to high performance in lab-

scale devices [135]. As mentioned in section 4.2, the state-of-the-art ITO films are 

commonly obtained by annealing at high temperature (>300 °C) during or after the 

deposition process to achieve high conductive films, which is a handicap for e.g. flexible 

substrate devices. To this respect, it is highly attractive to improve the ITO conductive 

properties for ambient temperature. Several investigations on decreasing the sheet 

resistance of ITO electrodes without losing a significant part of their optical transmittance 

have been made. For example introducing an ultrathin metal layer or thin metallic grids 

or NWs on top or in between layers of ITO, reduces the sheet resistance of ITO 

remarkably [147, 198, 199]. 

In order to achieve all the above three purposes, one common model structure is a 

periodic nano-line (1D-nanogratings) or nano-wire or metallic nanogrid (2D) which has 

been extensively studied and has long been the focus of intensive research [148, 149, 151, 

152]. The fabrication of such structures has typically been carried out using focused ion 

beam milling or electron-beam lithography techniques that are relatively expensive and 

time consuming. 

In this work, we report the fabrication of multi-periodic nanowires by UV laser 

interference lithography combined with dry etching. Our methodology is versatile which 

can be used to fabricate NWs of any metal that may be deposited through standard 

evaporation processes, could be produced through nanoimprint lithography. Our multi-



4.3 Metal nanowires 61 

 

periodic NWs offers several unique advantages like the wavelength, number and intensity 

of resonances can be tailored, can work as broadband plasmonic absorber and reduce the 

sheet resistance of the ITO films. 

 

 

The investigated geometry of multi-periodic NWs is shown in Figure 4.15. The geometry 

consists of multi-periodic Au NWs, conformally coated with an ITO film dITO=110 nm. 

This geometry was designed to act as plasmonic transparent electrode and achieve two 

purposes. Firstly, to act as broadband absorber via the excitation of waveguide modes 

travelling along the ITO film and excitation of localized surface plasmons. Secondly, to 

reduce the sheet resistance of the ITO film. 

 

 

Fig. 4.15: Investigated geometry of a multi-periodic Au NWs with periods Ʌ1, Ʌ2 and Ʌ3 on glass substrate, 
coated with ITO layer. The width is denoted by w and height by h. 

 

A 5 nm thick ITO (as adhesion layer) and a 50 nm thick gold layer were sequentially 

sputtered on clean glass microscope slides (20x20 mm). Glass substrates were then spin-

coated at 4500 rpm for 45 s with Microposit S1805 G2 positive photoresist diluted (1:2) 

with propylene glycol monomethyl ether acetate, originating a 100 nm thick film. 

Afterward, substrates were soft-baked at 98 °C on a hot plate for 120 s. The multi-

periodic NWs design was prepared by sequential LIL recording of a periodic sinusoidal 

interference pattern with varied period Λ into a photoresist layer. After exposure, 

substrates were immersed in a diluted AZ 303 developer solution with distilled water at a 

ratio 1:15. Directional dry etching with an argon milling system (Roth & Rau IonSys 

500) was carried out to transfer the multi-periodic NWs pattern into the underlying gold 

layer (etching time 450 seconds, 70 degrees). Finally, the remaining resist was removed 

by oxygen plasma using parameters, 5 minutes process time, 1 mbar pressure and 40 W 

power. 

 

Figure 4.16 shows an example of Au NWs having two periods Ʌ1 = 400 and Ʌ2 =550 nm. 

The width w of the Au NWs is in the range of 110-115 nm and height h= 50 nm. The 

optical transmittance was recorded as function of wavelength in the spectral window 

λ=380–1050 nm for normally incident beam [with the Au NWs at the front (incident) 

side] using Bruker Vertex 70 Fourier transform infrared spectrometer. The measured 

transmission spectra (blue curve-Figure 4.16) shows around 60 % transmittance in the 

spectral window range λ=400–700 nm and above 70 % in the range λ=800–1050 nm. 
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Further, a transmission valley can be seen 

in the spectra as well, which is attributed to 

the excitation of localized surface plasmon 

resonance (LSPR). In order to see the light 

trapping properties of this prepared Au 

NWs samples, 110 nm thick ITO was 

sputtered on the top of NWs and optical 

transmittance was recorded. The measured 

transmission spectra (red curve in Figure- 

4.16) shows reduction of transmittance 

compared to flat 110 nm ITO film (black-

curve). The observed dips in measured 

transmission spectra are attributed with the 

excitation of LSPRs and to the diffractive 

coupling of light to dielectric waveguide 

modes in the ITO film. 

 

Similarly two samples (namely sample 1 

and sample 2) of Au NWs were prepared 

having three periods. Sample 1 having 

periods Ʌ1 = 250, Ʌ2 =300 and Ʌ3 = 375 

nm, w in the range of 150–200 nm and 

h=50 nm. Sample 2 having periods Ʌ1 =  

 

Fig. 4.16: SEM characterization of Au NWs with 
periods Ʌ1 = 400 and Ʌ2 =550 nm, width w=110–
115 nm and height h=50 nm. The measured 
transmittance for Au NWs, flat ITO and NWs coated 
with 110 nm ITO film is shown as well. 

400, Ʌ2 =600 and Ʌ3 = 700 nm, w in the range of 100-120 nm and h=50 nm. The 

transmittance measurement of both sample 1 and sample 2 are shown in Figure 4.17 (blue 

curves). The measurements show that the optical transmittance of sample 2 is much 

higher than samples 1 and its transparency comparable to the flat 110 nm ITO film. The 

transmission of sample 1 near the resonant wavelength ̴ 600 nm and overall as well, is 

lower due to the higher density Au NWs and its widths. Both samples were coated with 

110 nm ITO film, and the optical transmittance was recorded. These measurements, 

graphed in Figure 4.17 (red curves), show that transmittance is reduced and additional 

dips appears. These additional tips can be attributed to the diffractive coupling of light to 

dielectric waveguide modes in the ITO film, which were discussed in details in section 

4.2. 

Finally, let us comment on the electrical properties of investigated geometry, which were 

assessed by measuring sheet resistance with four point probe method. The average sheet 

resistance of the 110 nm thick ITO film was 30±3 Ω/square. The Au NWs sample having 

Ʌ1 = 400 and Ʌ2 =550 nm reduce the sheet resistance of ITO film from 30±3 Ω/square to 

20 Ω/square. The Au NWs sample having Ʌ1 = 400, Ʌ2 =600 and Ʌ3 = 700 nm reduced 

the sheet resistance of ITO film from 30±3 Ω/square to 17 Ω/square. The Au NWs 

sample having Ʌ1 = 250, Ʌ2 =300 and Ʌ3 = 375 nm reduced the sheet resistance of ITO 

film from 30 Ω/square to 13 Ω/square.  

In summary the trade-off between optical transmittance and low sheet resistance on 

different Au NWs array geometry embedded in ITO film was explored. Increasing the 

periods of the Au NWs and decreasing the widths of the Au NWs leads to high optical 

transmission and higher sheet resistance values. While reducing the periods of Au NWs 
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and increasing widths reduce the optical transparency but yields lower sheet resistance 

values.  

 

 

Fig. 4.17: SEM characterization of sample1 and sample 2. Sample 1: Au NWs with periods Ʌ1 = 250, Ʌ2 =300 and 
Ʌ3 =375 nm, width w=150–200 nm and height h=50 nm. Sample 2: periods Ʌ1 = 400, Ʌ2 =600 and Ʌ3 =700 
nm, width w=100–120 nm and height h=50 nm. The measured transmittance for both samples (Au NWs), flat ITO 
and NWs coated with 110 nm ITO film is shown as well.  

 

The established methods for preparation of plasmonic nanostructures were exploited 

outside of the OPV device through collaboration projects in the field of biosensor.  

Biosensors are under intensive development worldwide because they have many potential 

application e.g. in the field of clinical diagnostics, food analysis, environmental 

monitoring and process control of industrial process [200-202]. 

A Biosensor is an analytical device that transforms biochemical information into useful 

electrical signals and provides fast, portable and cost-effective analysis. The general 

structure of a biosensor comprise of main three parts, a recognition system, a detector and 

a transducer [200, 203]. This is schematically shown is Figure 4.18. The recognition 

system of a biosensor is a biological recognition element or bio-receptor generally 

consists of an immobilized bio-component that is able to detect the specific target analyte 

( molecular species, we wish to identify and quantify) [200, 204]. These bio-components 

are mainly composed of proteins, antibodies, nucleic acids, enzyme, animal/plant cells 

and etc. The transducer element of biosensor is a converter, which has an important role 

in the signal detection process. It converts a wide range of physical, chemical or 
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biological effects (produced due to the reaction between the analyte and bio-receptor) into 

an electrical signal with high sensitivity and minimum disturbance to the measured [195, 

200].

Normally, biosensors are categorized 

according to the transduction method e.g. 

electrochemical, piezoelectric, calorimetric 

and optical. The detector system measures 

the properties such as optical and offer 

high sensitivity to small changes. The 

optical method of transduction had made 

rapid advances over the past decades and 

has been employed in many classes of 

biosensor. The reason behind is there exist 

many different types of spectroscopy, for 

example absorption, fluorescence, 

phosphorescence, surface enhanced Raman 

scattering (SERS) and dispersion 

spectroscopy [205]. The optical biosensors 

based on surface plasmons resonance or 

 

Fig. 4.18: Schematic showing the principal of a 

biosensor. 

fluorescence (integrated with optical fibre) is the most popular method for biosensing and 

it has momentous progress to other biosensing approaches due to its rapid and high 

sensitive response [201, 202, 206, 207]. The optical based biosensor using two detection 

protocols, label-free and labelled. The most widely used label-free optical biosensor is the 

SPR sensor and has become an established technology for biomolecular interaction 

analysis and for detection of chemical and biological species [208]. In label-free detection 

protocol, the SPR change their optical resonance wavelength (shift in the SPR dip) when 

an analyte binds to the surface (biomolecular interaction) and thus a change in refractive 

index around the metal interface occurs. The shift in the SPR dip can be precisely 

monitored and information on the binding events (biomolecular interaction) can be 

gathered [209]. 

 

For early diagnosis, domestic healthcare and environmental monitoring in remote 

locations, on-site detection of chemical and biological species is of paramount importance 

and interest [210]. For example, in remote locations conventional analytical tools are not 

available. Further, the conventional analysis in a clinical setting usually requires highly-

trained personnel, sophisticated instruments and state-of-the-art procedures and protocols 

e.g. examinations (X-ray, tomographic and ultrasonic imaging, etc.), lab-tests (mass 

spectroscopy, electrochemical assay and enzyme-linked immunosorbent assay [ELISA] 

etc.) [211]. Indeed the conventional methods provide high sensitivity; however they are 

not suitable for on-site analysis. The conventional methods are time consuming, not 

usable for daily life, and often not affordable for deploying in resource-limited areas. In 

this context, multiple strategies have been proposed to address the technical challenges in 

the area of point-of-care (POC) and field diagnosis based on optical/electrical 

components [212]. For example, the POC systems such as paper-based devices for HIV 

detection [213] and colorimetric immunoassays have been proposed [214]. Although 

these simple colorimetric assays can be read by the naked eye, more sensitive and precise 

analysis requires amplification, image capturing and data processing. Among the external 

auxiliary tools, the smartphones are gradually standing out because of the global ubiquity, 
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steady upgrading functions and straightforward coupling with optical methods that utilize 

absorbance/transmittance, fluorescence, chemiluminescence and spectroscopy of guided 

waves based on photonic crystal and surface plasmon resonance [215-219]. Such 

developments may provide new solutions for routine daily personal healthcare and tests 

of contaminants in drinking water and food. It can also serve as a first hand tool for the 

characterization of injectable biofluids prior to use. Critical reviews on the smartphone 

biosensors based on optical and electrical detection methods have been reported 

elsewhere [220]. 

 

 

Fig. 4. 19: The top panel (a) Schematic structure of the smartphone spectrometer relying the in-built LED light, a CD 

diffraction substrate and the smartphone camera. Inset is a photo of 3D printing plastic sample chamber kit 

attached on HTC sensation XE smartphone. The optical arrangement of the smartphone spectrometer. The bottom 

panel (b) a photo of an Au sensor chip with diffraction grating, a corresponding AFM image and surface profile of 

the sensor chip. Adapted with permission from [221]. 

 

Lipopolysaccharide (LPS) also known as endotoxin [222] is one of such targets present in 

the outer membrane of Gram-negative bacteria. It consists of three covalently bound 

parts, an inner core, outer core and O-antigen. LPS is an inflammatory stimulator that 

may trigger septic shock. Septic shock is severe pathophysiological syndrome in response 

to an infection that in many cases is fatal as it can lead to organ failure [223]. Human 

beings are exposed to LPS through drinking water and injectable biofluids (including 

various supplements and infusion liquids). The first detection method for LPS, rabbit 

pyrogen test (RPT) dates back to 1940s [224]. Other approaches have been established 

since then including the widely used limulus amoebocyte lysate (LAL) test [225]. Apart 

from these complicated methods, some of which involved animals, methods that are fully 

synthetic and are easy to operate are in great demand. 

In this project we demonstrate a portable LPS detection platform based on a smartphone 

and a grating-coupled SPR (GC-SPR), as shown in Figure 4.19(a). Compared to previous 

designs of portable biosensors that utilize wavelength interrogation of GC-SPR and 

immunoassays [226], the reported sensor system does not require additionally external 
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light source and detector which greatly simplifies the whole platform. In addition, 

specific analysis of target analyte is assured by using a synthetic peptide receptor 

immobilized on the sensor chip surface which provides more robust disposable sensor 

chips with longer shelf-life. 

 

The linear grating master was prepared by 

the LIL with Lloyd’s mirror configuration 

into the positive photoresist, as explained in 

the previous chapters (Chapter-3 and 4).  

The angle of the interfering beams was set 

to 18.96° which corresponds to periods of 

Λ=500 nm. After words copies were made 

from master by using UV-NIL. A clean 

glass substrate was spin coated with UV 

curable polymer (AMONIL-MMS10) 

having thickness 120 nm and a PDMS 

stamp (replicated from master) was placed 

on it. Then it was subjected to curing step 

under UV light (wavelength 365 nm) for 5 

minutes. After peeling off the PDMS 

stamp, the substrate was coated with 2 nm 

Cr followed by 70 nm Au film. The Au 

grating substrates can be mass produced 

with the PDMS stamp and UV curing 

procedure, which is also compatible with 

roll-to-roll printing. AFM characterization 

indicated the sinusoidal modulation with 

period of Λ = 500 nm and modulation depth 

of MD = 50 nm as shown in Figure 4.19(b). 

The gratings Au substrate was analysed by 

a commercial spectrometer Ocean Optics 

HR4000 for angles of incidence 0–30° by  

 

Fig. 4.20:  (a) Measured angular-reflectance dispersion 

of grating Au substrates under incident angles from 0° 

to 30° (step of 0.1°) and wavelength range between 

400 nm and 900 nm. (b) Reflective spectra of grating 

Au substrates measured under 10 different incident 

angles in air. Adapted with permission from [221]. 

using our home made optical angular reflectivity system explained in section 3.3. During 

the measurement the gratings oriented perpendicular to the plane of incidence. The data is 

shown in Figure 4.20(a-b). The GC-SPR associated with the coupling of incident light to 

surface plasmons via diffraction coupling is manifested as a narrow dip in the reflectivity 

spectrum. The measured reflectivity spectrum shows that the resonance occurs at normal 

incidence at around 550 nm. When the angle of incidence is increased, the resonance 

splits into two branches due to the plus and minus first order diffraction coupling (m = +1 

or −1). The −1st diffraction order branch is red shifted. The −1st order resonant 

wavelength increases linearly from about 570–730 nm with the incident angle increase 

from 4° to 25°, as shown in Figure 4.20(a). The coupling to surface plasmons is stronger 

and the resonant dip is narrower (width of 20–50 nm) for the −1st diffraction order than 

for the +1st diffraction order. The reason is that the +1st diffraction order SPR occurs at 

short wavelengths close to the plasma frequency of gold. The prepared Au gratings 

substrates were handed were to our collaborators, and were subjected to a cleaning step 

by O2 plasma for 3 min. After 4h incubation in aqueous solution with 50 μM KC-13, the 

surface was rinsed by distilled water and dried by a stream of N2. The peptide forms 

covalent interaction between the Au and thiol terminated group from the cysteine of the 
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peptide. The peptide-modified Au substrates were used further for LPS detection, the 

summary is presented in the following section. 

 

 

Linear gratings having period 500 nm and modulation depth around 50 nm prepared in 

this work were used to build a grating-coupled SPR smartphone spectrometer. It was 

applied for the detection of lipopolysaccharides. This optical instrument does not contain 

electronic components and solely relies on the LED flash light source and the CMOS 

camera built in the used smartphone. The spectrometer is able to perform the analysis in a 

spectral range of 430–650 nm and it was employed for SPR spectroscopy on sensor chips 

with Au diffraction gratings that are be prepared by mass production-compatible means. 

As a receptor, synthetic peptide KC-13 ligand was immobilized on the Au grating sensor 

chip for specific capture of lipopolysaccharides. The measurement was performed ex situ 

based on monitoring the resonant wavelength shift. The results show the feasibility for 

the detection of lipopolysaccharides at detection limit of 32.5 ng/mL, and good selectivity 

for the lipopolysaccharides detection with practical application for real samples/matrices 

detection such as clinical injectable fluids [221]. 

 

The majority of SPR biosensors utilize sensor chips with gold films or gold nanoparticles 

in order to probe the captured target analyte with the confined surface plasmon field at 

wavelengths in the green, red or near infrared part of spectrum. The use of silver instead 

of gold offers the advantage of lower ohmic losses and possible SPR probing at lower 

wavelengths in the blue part of the spectrum [227]. In recent years, aluminium becomes 

increasingly explored for SPR sensing at even lower wavelengths in UV part of spectrum 

[228]. It is worth of noting that surface plasmon excitation at aluminium occurs at 

wavelength as low as 200 nm [229]. In contact with air, a native oxide layer is formed on 

the top of aluminium films, which provides similar chemical inertness as gold. The 

thickness of this layer is mostly reported as 2-3 nm [228], which is much smaller than the 

penetration depth of surface plasmons and does not prevent its utilization for sensing 

[230]. The oxide passivation layer enables functionalization by using silane linkers 

instead of thiols that are most often used for gold. The probing with surface plasmons at 

UV wavelengths in aqueous environment holds potential for increasing detection 

sensitivity of direct SPR biosensors and it offers means for the implementation of 

plasmon-enhanced fluorescence [230-232] for several analytes that exhibit inherent 

absorption in this wavelength range. These include DNA, proteins (absorption bands at 

200–280 nm), various odorant binders [233], and e.g. aflatoxins [229]. However, the 

probing of the aluminium sensor surface with light at UV wavelengths imposes several 

challenges. The increasing absorptivity of the high refractive index optical glasses in the 

UV requires usage of fused silica [234]. Therefore, the commonly used attenuated total 

internal reflection method with a prism made of such low refractive index glass does not 

allow reaching the high momentum of the incident light needed for the phase matching 

with surface plasmons. Thus, the resonant excitation of surface plasmons on aluminium 

surfaces allowed the probing only ex situ on dry sensor chips, while in situ measurements 

of kinetics of surface reactions in contact with water were not reported. 

In order to overcome the above-mentioned restrictions, the using of aluminium grating-

coupled SPR sensor is reported for the in situ observation of proteins at UV wavelength 

of 280 nm in an aqueous environment. According to our knowledge, wavelength 
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interrogation of SPR is utilized for the first time for the observation of molecular binding 

events in aqueous environment in this wavelength range, which is not possible for the 

more commonly used Kretschmann-Raether geometry [106]. As model analyte, the 

odorant-binding protein 14 (OBP14) of the honeybee (Apismellifera) is used [235], which 

might be of interest for odorant binding analyses with recently developed artificial 

fluorescent odorant analogues that absorb in the UV-range [236]. 

 

Crossed grating nanostructures were prepared with LIL and NIL standard protocols used 

in the previous sections for UV-surface plasmon resonance biosensor. Briefly, a 400 nm 

thick layer of positive photoresist (S1805) was deposited on BK7 glass substrates.  

 

 

Fig. 4.21: Characterization of a crossed Al grating by (a) AFM and (b) profile cross-section. Angle–wavelength 
dependence of transmission for Al gratings in contact with air (c) measured and (d) simulation. Image (c) and (d) 
are adapted with permission from [237]. 

 

These substrates were exposed to the interference field with the intensity of 32 μW/cm
2
 at 

an angle of 54.34 deg, which, corresponds to a grating period of Λ=200 nm. The exposure 

was carried out twice for two orientations of the sample with a rotation angle of 90 deg. 

The exposed samples were developed and then replicas of the relief LIL grating were 

prepared on the top of  UV-transparent on cleaned fused silica glass substrates (from 

Neubert-Glas). The obtained crossed grating structures were coated with 20 nm of 

aluminium by vacuum thermal evaporation (HHV AUTO 306 from HHV Ltd.) in a 

vacuum of at least 10
-7 

bar. Samples without the corrugation were prepared in order to 

serve as reference. The morphology of the nanostructure gratings samples was studied 

with AFM. The periodicity in the nanostructure was 200 nm and modulation depth about 

30 nm as shown in Figure 4.21(a-b). 

Transmission wavelength spectrum was measured for the aluminium crossed grating that 

was brought in contact with air. The angle of incidence was varied in the range θ=0–30 
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deg. The acquired wavelength transmission spectrum was normalized with that measured 

for a plane surface without grating. The experimental results are compared with 

simulations in Figure 4.21(b-c). Firstly, dependence of absorption on the wavelength and 

angle of incidence θ was used in order to identify dispersion of excited surface plasmon 

modes at the air-aluminum and Amonil-aluminum interfaces. Figure 4.21(c) reveals the 

excitation of two of these surface modes at the interface with a sample (SPs) and Amonil 

(SPa) which is manifested as increased absorption. The resonant excitation of surface 

plasmons travelling along the air interface with a normally incident beam θ=0 deg occurs 

at the wavelength of λ=214 nm. For the interface with Amonil, the resonance occurs at 

longer wavelength around λ=350 nm due to its higher refractive index 𝑛𝑎. When 

increasing the angle of incidence, these resonances split to two branches resulting in 

characteristic V-shaped spectra. The reason is that the excitation occurs simultaneously 

via +1st or –1st diffraction orders at wavelength where the phase-matching condition is 

fulfilled. When the angle of incidence is θ=0, the resonance associated with the coupling 

via 𝑚 = +1 and 𝑚 = −1 overlaps at each interface. However, when the angle of 

incidence θ deviates from zero, each resonance split to two branches. The prepared cross-

gratings substrates were handed were to our collaborators, and were used for the UV-SPR 

biosensor for biomolecular interaction studies. The summary of these studies is presented 

in the following section. 

 

A facile implementation of UV-SPR biosensor that is suitable for the in situ observation 

of molecular binding at the aluminium surface is reported. The results clearly indicate the 

possibility to resonantly excite and interrogate surface plasmons at wavelength of 280 

nm. Diffraction coupling to SPR in the UV range exhibit similar sensitivity to that 

reported on regular gold diffraction grating sensors that operated in the red part of 

spectrum. The aluminium surface can be functionalized with silane-based linkers for the 

immobilization of biomolecules with density that is comparable to that observed for 

regular thiol self-assembled monolayer architectures on gold. The use of the UV 

wavelength of 280 nm holds potential for the combined measurement of plasmonically 

amplified auto-fluorescence of proteins. For the developed grating chip, the resonant 

wavelength can be easily tuned by adjusting the angle of incidence to even lower 

wavelengths, e.g. towards 260 nm where the DNA exhibits absorption maximum. 

 

Metallic nanoparticles have the capability to couple light energy with collective 

oscillations of electron density at narrow wavelength bands. This phenomenon is referred 

to as localized surface plasmon resonance and it is associated with enhanced absorption 

and scattering [238]. In addition, it allows to strongly confining energy of 

electromagnetic field which is accompanied with its increased intensity. These 

characteristics can strongly amplify weak spectroscopic signals such as Raman scattering 

and fluorescence by several orders of magnitudes, enabling ultrasensitive detection of 

chemical and biological species [80]. 

During this work, protocols were established for the preparation of arrays of 

nanoparticles with period, diameter and height controlled in a desired range over large 

surface areas (area = 20 × 20 mm) by LIL. The fabrication method of NPs arrays is 

illustrated schematically in Figure 4.22. BK7 glass microscope slides (20 × 20 mm) 

having a 2 nm thick chromium layer (as adhesion), a 50 nm thick gold layer, and a 100 
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nm thick positive photoresist film, were exposed by 1D sinusoidal interference pattern 

formed by two crossed coherent collimated beams in a Lloyd’s mirror interferometer 

setup. This produce a periodic interference pattern on a photoresist film with a spatial 

period of Ʌ = 𝜆 2 sin 𝜃⁄ , where 𝜆 is the wavelength of the laser (in this work 325 nm)  

and 𝜃 is the half angle between the two beams. In order to prepare 2D sinusoidal pattern 

in the photoresist film each sample was rotated by 90° (after the first interferometric 

exposure) along the axis perpendicular to its surface and the exposure was repeated. The 

exposed photoresist film was developed in AZ 303 developer. By controlling the 

development time tdev, the photoresist layer can be fully removed from the exposed area 

which yields a mask in form of periodic arrays of resist features. Afterwards, directional 

dry etching with an argon milling system (Roth & Rau IonSys 500) was carried out to 

transfer the pattern into the underlying gold layer ( etching time 450 seconds, 70 degrees). 

Finally, the remaining resist was removed using oxygen plasma. 

  

 

Fig. 4.22: (a-d) Schematic representation of the steps involved in the preparation of gold nanoparticles on a BK7 
glass substrate with a thin adhesion promoter film Cr, using LIL combined with dry and plasma etching. (a) 
Recording of an interference field pattern into a photoresist. (b) Development of photoresist. (c) Dry etching. (d) 
Plasma etching. (e) Example of prepared gold nanoparticle arrays on a glass substrate with the size of 20 × 20 
mm. 

 

Figure 4.23 shows an example of the nanoparticles arrays prepared in this work by LIL, 

the fabrication of such array of nanoparticles with tailored morphology has typically been 

carried out using focused ion beam milling of electron-beam lithography techniques that 

are relatively expensive and time consuming [239, 240]. The LIL approach offers means 

for rapid fabrication of periodic arrays of nanostructures with facile control over shape, 

size, and spacing [241]. Adjusting the parameters of the LIL process allows for the 

preparation of nanoparticles with diameter below hundred nano-meters independently of 

their lattice spacing. The nanoparticle arrays can be engineered to be resonant to desired 

wavelengths in the visible and near infrared part of the spectrum. Applicability of these 

substrates is demonstrated for surface enhanced Raman scattering (SERS) spectroscopy, 



4.4 Collaborative projects 71 

 

where tailored, cost-effective, large area, uniform and reproducible substrates are of 

paramount importance for practical applications. 

The fabrication of metal nanoparticles with 

LIL method using lift-off or ion etching 

steps has been already reported. In the lift-

off approach, arrays metallic nanoparticles 

are fabricated by evaporating metal inside 

the photoresist cavities which are typically 

removed afterwards by a solvent [242]. The 

example of such cavities prepared in this 

work is shown in Figure 4.24(a). In this 

approach, nanoparticle size for a particular 

period is fixed since the pore size is bound 

to the pitch length, leading to restricted 

diameter/period configurations [243, 244]. 

In this context, additional strategies such as 

increasing the number of interfering beams 

or those based on a sacrificial layer often 

require facilitating the lift-off and avoiding 

resist caps and complete coating of the 

sidewalls [245, 246]. In both approaches, 

the tuning of LSPR on prepared arrays of 

metallic nanoparticles was mainly achieved 

by changing the angle between the 

interfering beams which changed both 

period and size of metallic nanoparticles. 

Besides the lack of independent control of 

these parameters, additional limitation of 

lift-off based LIL is the limited smallest 

attainable size feature. Features below 

hundred nano-meters have been only 

obtained for very small periodicities of the 

arrays or by using complex systems such as 

extreme ultraviolet LIL with a beam 

emitted from a synchrotron [242, 243]. 

 

Fig. 4.23: (a) AFM image (b) 3D view and (c) height 

profile of the nanoparticles arrays. The exposure to LIL 

was carried out twice for two orientations of the 

sample rotated by 90° along the axis perpendicular to 

the substrate, each exposure time was 3 min and 

development time was 55 sec.  

 

 

Fig. 4.24: (a-b) AFM image and cross section profile of the photoresist film with cavities made with LIL (c) the zinc 
oxide rods grown in photoresist cavities by electrochemical deposition method for transparent electrode 
applications. 
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The established protocols for the fabrication of arrays of nanoparticles during this work 

were further improved and fine-tuned by Nestor Gisbert Quilis. The summary of the 

prepared gold nanoparticle arrays is presented in the following section. 

 

Plasmonic properties of arrays of metallic nanoparticles strongly depend on particle size, 

composition, surrounding medium and period [242, 243]. Therefore the plasmonic 

nanostructures have to be engineered and tuned for specific applications, requiring highly 

tuneable nanofabrication methods. We report on a rapid LIL implementation that offers 

high tunability of arrays of metallic nanoparticles over a square centimeter surface area 

by independent control of their diameter and period. Series of substrates with arrays of 

cylindrical gold nanoparticles exhibiting LSPR wavelength in the red and near infrared 

part of the spectrum were prepared by independently varying the diameter between 70 

and 350 nm and period between 260 and 560 nm (see Figure 4.25). For the SERS 

experiments plasmonic substrates with identical LSPR wavelengths tuned to the vicinity 

of 785 nm and different spectral width were prepared. The importance of the control of 

both these parameters that was enabled by the developed LIL method to maximize the 

SERS signal is demonstrated.  

 

   

Fig. 4.25: SEM images of metallic nanoparticle arrays for varied development time tdev and a period fixed of Λ=460 
nm. (a) tdev = 95 s, D=350 nm; (b) tdev =110 s, D=350 nm; (c) tdev =165 s, D=185 nm; (d) tdev =195 s, D=115 
nm; (e) tdev =220 s, D=85 nm. (f) Transmission spectra measured for indicated gold disk diameters D and period 
Λ=460 nm. The spectral position of LSPR is manifested as a dip in the transmission spectrum. The wavelength at 
which minimum of the dip occurs λLSPR red shifts when increasing the diameter. (g) Dependence of the resonant 
wavelength λLSPR on gold nanoparticle arrays in contact with air on the diameter D and period between Λ=260–560 
nm. The ability of independent tuning by both period and diameter for the control of LSPR is demonstrated in the 
broad range of λLSPR=620–1050 nm 

 



 

 

Photovoltaics represents a research domain that is pursued to provide sustainable, cheap 

and environmentally friendly source of energy to modern society. These efforts aim at 

harnessing light energy radiated by the Sun which reaches Earth's surface. The efficient 

exploiting of this source can make photovoltaic technology a major source of electricity 

and satisfy world's current and future power demands. To make this happen, the recently 

emerged thin film photovoltaic cells and already stablished industrial (silicon-based and 

chalcogenide-based) solar cells that are available on the market has to be economically 

competitive with other conventional energy sources. The photovoltaic community 

suggests different approaches to address this challenge i.e. to reduce the cost per Watt of 

generated energy from photovoltaic technology. These approaches can be categorized 

into following three fields, which usually influencing each other and therefore puts a huge 

challenge on the overall optimization of the photovoltaic device and its power conversion 

efficiency. 

■ Material engineering: it includes; engineering of semiconductor absorber to have 

good electronic properties, bandgap engineering for broader absorption spectrum 

and development of new cheap materials (active layer, electrodes). 

■ Processing engineering: investigation and optimization of deposition methods (low-

temperature processing and low vacuum deposition conditions), interface 

engineering of different layers of the device. 

■ Optical engineering: device design and optical optimization of active layer thickness 

and light management. 

This work deals with field of optical engineering and focuses on the light management. 

Light management in photovoltaic technology, in general, is carried out to more 

efficiently absorb incident photons in the absorber layer of the device, while using less 

material volume. This is of paramount interest, not only because the use of less material 

usually leads to a lower manufacture cost of the device, but also because of the use of less 

material reduces distances across the photovoltaic device, which suppresses non-radiative 

recombination and therefore increases the power conversion efficiency. The 

nanostructured materials explored in this thesis fall under umbrella of light management 

and may offer a panel of different attractive ways to manipulate with light in thin film 

devices for the control of optical properties. In the field of photovoltaic solar cells 

technologies, purposeful design of plasmonic and dielectric nanostructures may advance 

their characteristics in order to meet the required level by the industry. The work 

presented here deals with light management with plasmonic and dielectric nanostructures 

while aiming at realistic designs from a technological point of view.  

The advances in nanofabrication and computational simulations opened up a wide variety 

of new nanostructures. The nano-photonic community has primarily focused on 

nanostructures that enhance the optical absorption without increasing the thickness of the 

absorber layers in organic photovoltaics. One promising approach incorporates plasmonic 

nanostructures and studies have generally found these nanostructures to be very effective 

in enhancing the absorption. However, resonant coupling of light to plasmonic modes 

occurs only at narrow spectral windows, which does not allow for the efficient light 

harvesting over the broad spectrum of solar radiation. In the work presented in section 4.1 
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a new approach to broadband plasmonic absorber is carried out. It takes advantage of the 

coupling to surface plasmons on a multi-diffractive metallic grating that provides access 

to tunable and rich spectrum of momenta for their phase matching with incident light. In 

order to demonstrate this concept, a multi-diffractive structure was recorded by laser 

interference lithography into a photoresist, copied into a UV cross-linkable polymer, and 

subsequently coated by aluminium and a thin standard polymer-based photovoltaic active 

material layer (poly(3-hexylthiophene) (P3HT) and 1-(3-methoxycarbonyl)propyl-1-

phenyl[6,6]C61 (PCMB)). The presented work showed that superimposing three 

diffraction gratings allows extending the absorption band of applied polymer blend into 

the NIR part of spectrum. The work demonstrates that this structure enhances the 

absorption in the P3HT:PCBM by a factor of 2.9 in the spectral window 600–750 nm 

where it is inherently weakly absorbing. Over the whole visible / NIR part of spectrum 

400–750 nm the number of absorbed photons in P3HT:PCBM is increased by 28 %. It is 

important to note here, micro/nano-structures that enhance light absorption in the 

absorber do not necessarily translate to an improvement of the overall PV solar cell 

power conversion efficiency. In general, this is not an issue for aperiodic nanostructures 

[247] and periodic microstructures [111, 112] that are separated from active layers of a 

solar cell by a transparent substrate. However, when high aspect ratio metallic 

nanostructures are deployed between electrodes that directly interface with solar cell 

absorber layer, electric field becomes modulated along the surface which can deteriorate 

charge carrier extraction and eventually cancel the positive effect of enhanced absorption 

[191]. It is therefore underlined that the impact of light management architecture that 

increases absorption should be at least neutral to the electrical charge transport process. 

The multi-diffractive gratings investigated in the present work exhibit relatively shallow 

topographic profile. Therefore, they are not expected to cause significant electric field 

inhomogeneities that would hinder charge carrier harvesting. Recent investigations 

reported on the using of randomly attached Ag nanoparticles [248] and aperiodic relief 

nanostructures on Al electrode [249] in thin film plasmonic solar cells. They comprised 

features with feature size comparable to the present work and they were demonstrated to 

significantly enhance power conversion efficiency by the increased light absorption.

The use of plasmonic nanostructures has the tendency to increase parasitic optical 

absorption loss due to the Ohmic losses in the metal, which competes with absorption in 

the photoactive layer of the solar cell device. Therefore we witnessed numerous 

approaches for optical manipulation of light in field of thin film solar cells, based on 

dielectric nanostructures.  In section 4.2, the work focuses on dielectric nanostructures for 

light management. In this context the transparent electrode ITO of organic photovoltaic 

solar cell was corrugated. The ITO film was sputtered to an UV-NIL imprinted glass 

substrate and experimentally investigated. The design of the corrugation in order to 

function as light trapping or antireflection nanostructure is demonstrated and elucidated 

in terms of diffraction coupling to dielectric waveguide modes and by suppressing the 

reflections at ITO interfaces respectively. The design identifies key rules to tune the 

structure to serve for high transmission or light trapping applications. For dense periodic 

structure with Ʌ=200 nm and aspect ratio of about 0.5, the average increase of 

transmittance by 8 % at broad spectral window λ=450–850 nm is measured for polar 

angles between 0 and 60°. When increasing the period, light trapping becomes dominant 

via diffraction coupling to waveguide modes. The light trapping over broad range of 

angles and wavelength in the visible and near infrared part of spectrum occurs for about 
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100 nm thick ITO films without significant change in its sheet resistance which is 35 ± 3 

Ω/square.  

In nutshell, new facile means for the preparation of nanostructures with tailored optical 

properties that can be scaled up were developed based on laser interference lithography. 

The investigated nanostructures in this work may offer attractive means for improving 

performance of thin film solar cells and can potentially find its applications also in other 

fields e.g. light emitting diodes other optoelectronics devices and in the field of 

biosensing. For example, the single period crossed relief aluminium grating prepared in 

this work was successfully  employed for diffraction coupling to surface plasmons in the 

UV part of spectrum as an alternative to more commonly used attenuated total reflection 

method [237]. Similarly, linear grating prepared in this work were used in a smartphone 

label-free biosensor platform based on grating coupled surface plasmon resonance for the 

detection Lipopolysaccharides [221]. Besides to these applications, the herein presented 

nanomaterials and means to prepare them can find their application in other technologies 

and provide functionalities such as polarizers [250], colour filters [251], and selective 

reflectors [252, 253]. 
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