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Introduction 

COST Action MP0702 - Towards Functional Sub-Wavelength Photonic Structures 2008-2012 

The main objective of the Action is to establish active links between European laboratories 
working in the field of artificial materials for photonics applications, where the structural 
dimensions are at or below the wavelength of light. 

This Final Conference of the Action reports on the main results as well as on the problems opened 
to future study, and it is an important milestone in the four-year activities of the Action. I appreciate 
all Colleagues who have agreed to contribute to this event and to report their latest COST-related 
results, and I wish all of you fruitful interactions with other Members, as well as an enjoyable stay 
in this charming part of North Italy. 

Let me recall a number of precedent important Action open events organised so far: Kick-off 
Workshop in Warsaw (2008), workshops in Bratislava (2008), in Angers (2009&2011), and Annual 
Conferences in Azores (2009), in Munich (2010), and in Stockholm (2011). Those have been 
completed with a series of Training Schools in Metz (2009), in Porquerolles (2009), in Erice (2010), 
in Naples (2010), and recently in Tampere (August 2011). 

This is the right time to express my thanks for excellent coordination of Working Group and Project 
activities by WG Leaders and Project Coordinators. Especially active Short-Term Scientific 
Mission, STSM exchange has to be emphasized. An excellent coordination of STSM exchange by 
Trevor merits to be specially applauded. The Management Committee of the Action has decisively 
contributed to Action’s progress with wise and timely decisions. I am thanking all MC Members for 
their valuable support. Needless to say the continuing support I have been receiving from Concita – 
both as from the Vice-Chair, and as from the Chair of the precedent Action P11, has to be specially 
acknowledged. 

The involvement of non-COST laboratories provides us with a valuable insight to the frontier 
research in sub-wavelength photonics carried out there. This assures to the Action a truly global 
dimension. I warmly invite the non-COST Colleagues to maintain the professional and personal 
links established within this Action in the coming years. 

I appreciate the valuable synergy with sister COST Actions: MP0803 Plasmonic components and 
devices, and MP0805 Novel Gain Materials and Devices Based on III-V-N Compounds. I wish 
those Colleagues a smooth progress towards their ambitious goals. 

After serving the Action as the chair for past four years I am pleased to state with have formed an 
efficient and friendly community, and we have combined frontier research, exciting results, and 
durable scientific interactions with friendly social contacts as proclaimed in the Memorandum of 
Understanding, ‘The Main Objective’ section. 

I am thanking for COST Office staff support: Science Officers Piotr and Caroline, and 
Administrative Officers Stéphanie, Marie-Eve, and Milena. I thank my young colleague Olga for 
her priceless services as of the Voluntary Secretary for the Action. 

I am pleased to emphasize the presence and contributions of External Experts including the two 
eminent scientists who act as the Evaluators,and the Rapporteur for this Final Conference. 



 
 

I appreciate the kind hospitality of the hosting institutions, in particular of FBK, and local 
authorities. I am pleased to acknowledge the devotion and organisational efforts of all the members 
of the Local Organising Committee, and of the co-chairs Giancarlo and Maurizio. 

I wish all of you to continue fruitful and friendly interactions in this Final Conference, and beyond. 

Marian 
 
 
 
Marian Marciniak 
Chair MP0702 (2008-2012) 
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Optical Buffer Memories Based on Photonic Crystals 
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ABSTRACT 
In this paper, the need of optical buffers for enabling other optical processing functions is reasoned. Photonic 

crystal slow-light waveguides and coupled cavities are presented as a promising approach to make continuously 
tunable optical delay lines. Results on the optimization of the quality factor and modal volume of photonic 
crystal cavities using a Finite Element Method approach combined with a multi-objective genetic algorithm are 
given. Finally, the possibility of fast and efficient electro-optic reconfiguration of photonic crystals is proved by 
a series of simulation results showing the Pockels-induced shift of the resonant wavelength in a lithium niobate 
photonic crystal cavity.  
 
Keywords: Optical buffer, tunable optical delay line, photonic crystal cavities, delay-bandwidth product, 

reconfigurability, electro-optic effect  

1. INTRODUCTION 
Signal processing is the basis of many telecommunication functions as it enhances system performance and 
efficiency. Nowadays, telecommunication equipment carries out all internal signal processing functions in the 
electronic domain, even in the core routers of optical networks. By performing optical signal processing the 
inefficiencies associated to optical-to-electronic (O/E) and electronic-to-optical (E/O) conversions could be 
avoided and the unmatched high-bandwidth ofoptics could be better utilized. In order to perform any kind of 
optical signal processing we must first achieve temporal control over light signals and thuscontinuously tunable 
optical delay lines serving as optical buffers are needed[1]. 

Unluckily, continuously tunable optical delay lines have been historically difficult to realize. So far, the unique 
practical implementations of delay lines have been based in lengthening the physical path to be covered by light 
signals. Some kind of coarse tunabilityis achieved in this approach by switching between a set of predefined 
paths. However, this technique is not satisfactory since its delay resolution is limited to sub-nanoseconds (the 
shortest path length) and besides, losses and bulkiness impede its scalability[2]. 

Using photonic crystal slow-light waveguides and cavities appears as a strong alternative to build continuously 
tunable optical delay lines. These set of techniques aims at reducing and controlling the propagation speed of 
light pulses and they are normally based on creating and exploitingenhanced group index resonances. 
Unfortunately, this principle entails dispersion, attenuation and filtering effects over the delayed signals.  
Therefore, to provide continuously tunable large delays over wide-bandwidth signals, the deleterious effects 
affecting data fidelity need to be compensated first [3]. 

Some of the key features to be fulfilled by tunable optical delay lines and, most particularly by its application 
to optical buffering, are: large delay range, continuous and fast tunability, wide bandwidth, low power 
dissipation, transparency to modulation formats and bit rate, and low amplitude and phase degradation.  By now, 
it is clear that the capacities of current electronic memories (RAMs) will not be achievable by photonic buffer 
memories, at least in a medium term. Nevertheless, it has also been made patent that an optical buffering 
capacity of a few packets (10-20) may be enough in future optical networks [4]. Therefore, all efforts are 
currently set in achieving photonic buffers providing small but acceptable storage capabilities while maintaining 
the premises of wide-bandwidth, fast access to data and low signal distortion among others. 

Along the rest of this paper, photonic crystal (PhC) based approaches to optical buffering will be presented. In 
section 2 a special emphasis on the maximization of the delay range of photonic crystal cavities is made, based 
on a figure of merit considering the quality factor and the modal volume. Section 3 focuses in the issue of fast 
reconfigurability in photonic crystal structures, exploring the fast electro-optic effect in nonlinear media. 

2. PHOTONIC CRYSTAL APPROACH TO OPTICAL BUFFERING 
Photonic crystals are periodic, dielectric, artificial materials which present singular properties for 
electromagnetic waves propagation[5]. The most remarkable of these properties is the appearance of the so 
called photonic band gap, a range of frequencies unable to propagate through the material (see Fig.1). Many 
profitable effects stem from the existence of photonic band gaps: from the possibility of tight sub-wavelength 
light confinement to the opportunity of achieving extremely low group velocities. The most obvious application 
of the dramatic reduction of the speed of light is the creation of optical delay lines or photonic buffers, where 
light pulses are temporary stored.  
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Figure 1. (Left) 2D hexagonal lattice of holes in silicon; (right) its corresponding in-plane band &transmission 
diagrams for TE modes. The lattice period is a, the dielectric constant is ε=11,9716 and the hole radii r=0.36·a 

2.1 Slow light in photonic crystal waveguides 
To exploit photonic crystal capacities for storing light pulses, one has to resort to the creation of defects within 
the otherwise perfectly periodic structure. Punctual and linear defects within the photonic crystal allow for tight 
confinement of light, at band gap frequencies, inside cavities and waveguides. 
One can create a photonic crystal waveguide by creating a linear defect, e.g. by simply removing a single row of 
holes in the PhC of Fig.1. Such a waveguide, normally referred as W1, results in the appearance of a number of 
defect modes within the photonic band gap. As monomode behaviour is desirable, narrowing the waveguide is 
normally required. 

These waveguides present extremely low group velocities within a very narrow frequency range at the band 
edges. Unfortunately, these working regions are not desirable in practice. At the band edges, any fluctuation in 
the structure, due to fabrication imperfections, causes oscillations between guided and not guided states. 
Moreover, the bandwidth for this ultra-low velocity is very small. Several waveguide designs have been 
proposed to minimize dispersion and enable higher bandwidths[3][6][7]. To this purpose our group has recently 
proposed a W0.64 PhC waveguide created by diminishing the radii of a row of holes and filling it with a lower-
index material[8]. Group velocities of c/100 are achieved for a 33% of the k-vector space, achieving a good 
balance between low information velocity and bandwidth but still unsatisfactory to develop a real optical buffer 
and thus requiring the introduction of cavities in the design. 

2.2 Photonic crystal cavities as a basic building block for optical buffer memories 
The dispersion problem of photonic crystal waveguides can also be tackled by coupling a series of punctual 
defects (cavities) within the photonic band gap material. By enhancing the amount of confined energy and the 
coupling between cavities and waveguides photons can be stored for a relative long time in an extremely small 
volume. Since the structural design of new cavities should accomplish both conditions, we have proposed a finite 
element method approach combined with a multi-objective genetic algorithm optimization. In this process each 
individual's transmittance response and defect mode's spatial distribution is calculated and a figure of merit of its 
characteristics is obtained. The initial population for the genetic algorithm (GA) is randomly initialised but its 
configuration is bounded to a drilled triangular lattice of silica. Then, the genetic algorithm induces disorder into 
the first two periods surrounding an initial punctual defect and at the same time it tunes each of these holes radii. 
For each individual (see Fig.2), a discrete set of transmittance response data is calculated and an exponentially 
modified Gaussian (EMG) fitting is applied to the resonant spectra. Consequently, the Q factor is determined by 
the relation of the peak centre to the full-width half maximum (FWHM). Finally, the individuals obtained 
through the GA´s iterative process will be replicated, since the nearby evanescent fields of cavities, i.e the 
radiated energy, can be coupled to a second resonator. This process can be expanded in the so-called coupled-
resonator optical waveguide (CROW).  Remarkable achievements have been done in this field, as in [9] where 
more than 100 high-Q cavities were coupled, achieving vg of c/170 in pulse propagation experiments and 
notable storage capacity. The resulting configurations are still subject to weak coupling factors from PhCW 
(Photonic Crystal Waveguides) which need to be redesigned for each nanocavity configuration. 

 
Figure 2.Hz modal field distributions for different individuals showing the used computational domain 

kz 

k|| 
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3. FAST RECONFIGURABILITY OF PHOTONIC CRYSTAL STRUCTURES USING THE 
ELECTRO-OPTIC EFFECT 

Most of the work done in photonic crystals has been realized in silicon and other high-index semiconductor 
materials[10][11].However, changing the refractive index of silicon, in order to obtain reconfigurability [12], is a 
challenge, since the internal symmetry of the atomic crystal of silicon forbids any linear electro-optic effect, and 
hence other effects must be exploited, as thermo-optical effect [13] and/or injection of free-carriers [14]. 

Electro-optics crystals, such as lithium niobate (LiNbO3), have only recently been proposed as a suitable 
material for photonic crystal based devices. These are commonly used in optics and telecom due to its 
transparency in a wide wavelength range and due to its due to its excellent nonlinear- and electro-optical 
properties. The reason for this is that its high resistivity towards different etching techniques makes its 
nanostructuring more difficult than that of silicon. Nevertheless these technical fabrication challenges are being 
overcome [15][16]and thence it is worth to explore LiNbO3 photonic crystals and their possibilities of fast and 
efficient electro-optic reconfiguration. 

3.1 Photonic crystal cavity on lithium niobate 
We have designed and simulated the photonic crystal structure on lithium niobate,shown in Fig. 3.a., consisting 
on a slow-light coupling waveguide and a cavity created by removing a single hole and modifying the radii of its 
neighbours. The lattice period is a=510nm, the radius of the lattice holes is r=0.3a and the waveguide is a simple 
W1. The radius of the two lateral neighbours to the missing hole is r1=0.33a and the radius of the two holes 
above and the two holes under the missing one is r2=0.29a. This is a monomode resonant cavity with a resonance 
around 1.5μm, precisely at 1499.1nm, that causes a drop peak in the transmission spectrum of the waveguide 
shown in Fig.3.c and Fig.3.d.  

 
                      ( a) 

 
 ( b) 

 
( c)  

( d) 
Figure. 3. (a) Photonic crystal cavity with  coupling slow-light waveguide on lithium niobate; (b) Perpendicular 

component of the magnetic field of the resonant optical wave; (c)  Transmission spectrum  measured at the 
output of the waveguide over a wide spectrum; and(d)transmission spectrum zoomed in the drop resonance. 

3.2 Fast reconfigurability based on the electro-optic effect 
Lithium niobate is a uniaxial crystal of 3m symmetry. Since r33 is the largest Pockels coefficient of LiNbO3, the 
largest index change is obtained in nz when the electric field is applied along the z axis. The change of the 
extraordinary index in response to such a field is given by equation (1), as obtained in [17].  
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In normal applications the applied electric field takes values from 0.1 to 10MV·m-1. This range of field values 
gives rise to index changes from Δne= 1.55·10-5 to Δne= 1.55·10-3 at around λ=1.5μm. We have computed the 
resonances of the photonic crystal structure in Fig.3.a using a 2D FDTD method, in order to measure the 
resonant wavelength shift originating from thoseelectro-optically induced index changes. The results, presented 
in Fig. 4, show a quasi-linear red-shift (resp. blue-shift) of the resonance for positive increments (resp. negative 
increments) of the refractive index. 
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Figure 4.(Left) Overlapped transmission spectra zoomed in the resonance for Δn=(1·10-5, 1·10-4, 3·10-3) and 

(right) resonant wavelength as a function of the electro-optically induced index changes 

A maximum wavelength shift of ± 915pm is obtained for the considered range, and a wavelength shift of 6pm 
is observed in response to every 1·10-5index change. These results prove the capabilities of fast and efficient 
reconfiguration and/or tunability of a lithium niobate photonic crystal optical buffer and can be further improved 
by using higher-Q cavities, as the ones introduced in section 2.2. 

4. CONCLUSIONS 
Optical buffers are needed as an enabling technology for optical packet switching and other signal processing 
functions. Slow light and cavities in photonic crystals appear as strong candidates to realize integrated photonic 
buffers. Research efforts are set in solving their limitations in delay-bandwidth product and reconfigurability. 
Along the paper we have shown part of our progress in improving a cavity’s’ figure of merit based on a 
combination of Q and modal volume. Finally, we have presented some results on the capabilities of 
reconfiguration of photonic crystals by using Pockels effect. 
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Analysis of metallic photonic structures 
 
 

Reinhold Pregla, Life Fellow, IEEE 
University of Hagen, Germany 

 
At optical frequencies metals behave like dielectric materials with complex permittivity. E.g. the permittivity 
of silver at the wavelength λ=0.6μm is equal to εr= –14.7897 –j0.4088. Because of this fact the surface 

impedance is inductive with a positive imaginary part. Therefore, the surface can guide a TM-polarized wave. 
The guiding parameters are easily obtained from the lateral surface impedances. They must be equal with a 
negative sign. Because of the complex εr the propagation loss is not negligible. 

The aim of this contribution is to analyze structures like that in Figure 1 for which the confinement of the field 
increases because of the higher value for the imaginary part of the surface impedance. 
The wave is propagating in the upper part. The depth of the teeth (Lw in Figure 2.) must be chosen in a 

suitable way to obtain a surface impedance with a positive imaginary part on the surface above the periodic 
structure. 

 

 
 

1) 2)

 

 
Figure 1: 2-D periodic structure of silver dielectric material: propagation in z-direction.  
 
Figure 2: 2-D periodic multilayered structure for the analysis of the field between the teeth 
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ABSTRACT 
Device structures such as photonic crystals, photonic wires and optical metamaterials - all with submicron 
features can be described as ‘nanophotonic’. Many of these devices and structures can be used as sensors – 
relying on the change in refractive index of a surrounding medium. In this paper, we discuss several 
nanophotonic sensing systems, including asymmetric split ring resonators, photonic wire cavities and polymer 
Bragg gratings. 
Keywords: Nanophotonic, sensors, asymmetric split ring resonators, polymer Bragg gratings. 

1. INTRODUCTION 
The ability to detect small refractive index changes in analytes is importantbecause changes of refractive index 
can be directly correlated to the presence of small amounts of chemicals or biological material within analytes. 
We present several optical methods ranging from nanobeams with a high Q cavity, an intermediate Q system 
formed in polymer waveguides, and a low Q system but with a large wavelength shift that gives high sensitivity.  

2. NANOBEAM CAVITIES 
1-D photonic wire microcavities are also known as nanobeam cavities are one of the emerging configurations for 
refractive index based optical sensors. Here, we present the design, modelling and fabrication of Silicon-On-
Insulator (SOI) nanobeam cavities. The sensitivity of such optical sensor depends on width of the resonance 
wavelength (Q-factor) [1], and the achievable resonance wavelength shift. As the light bounces between the two 
mirrors forming the cavity, the mode overlaps with the analytes which results in a potentially large wavelength 
shifts. To optimize and fine-tune the nanobeams, we have used a well demonstrated rule based on gradually 
increasing holes sizes holes inside the cavity, this is known as tapering [2]. When the light is strongly confined 
in the cavity mode, the sensitivity, S = Δλ/Δn has a value greater than 200 nm/RIU (refractive index unit, RIU). 
We have modelled and optimized a suspended nanobeam cavity working in a water-based (n = 1.333) 
environment and achieved a Q-factor of more than 20 000. The simulation in figure 2 (a) showsthe shift in peak 
position for a change in refractive index of the surrounding medium from 1.333 to 1.350 while figure 2 (b) 
shows the fabricated structure. 

 
Figure 1(a) basic cavity with mirrors. (b) Showing one tapered hole with displaced position (c) Optimisation of 
the displacement for 1st to 4th tapered holes. 

Q factor vs displacement with inside tapering; 1st tapering (c=220nm), 
2nd tapering (c=230nm), 3rd tapering (c=250nm), 4th tapering (c=270nm) 
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Figure 2 (a) simulation of peak shift for a surrounding medium change of refractive index from1.333 to 1.350. 
(b) E-field distribution profile along the centre of the cavity (c) SEM micrograph of fabricated tapered structure. 
 

3. BIO-SENSING AND POINT-OF-CARE DIAGNOSIS 
Each year, 1.1 Million new stroke events occur within the EU, Switzerland, Iceland and Norway – taken together 
it is predicted that the number of new stroke events will increase to 1.5 Million, by year 2025. The estimated 
total annual cost, within the EU, of treating people affected by stroke – and dealing with the consequences of 
people having strokes - is estimated to be 21 billion Euro. So there is a need for a quick, easy and reliable blood 
test based on a panel of biomarkers. By incorporating the bio-sensing surface into an optical waveguide micro-
cavity resonator, the small refractive index change can translate into a sensitive, but label-free, means for 
detecting that a binding immuno-reaction has taken place [3]. 
 

3.1 Polymer Bragg gratings 
 
Polymer offers a potential low cost solution for bio-sensor fabrication with the possibility of roll-to-roll 
nanoimprinting of the sensors. However, because of the relatively low refractive index contrast between high and 
low index polymers 2-D photonic crystals offer too little confinement and a more conventional Bragg grating 
bus-bar design was chosen. Polyimide was chosen as the high index polymer initially on a low index material 
such as Cytop. However, due to the relative softness of the low index material is was necessary as an interim 
solution to use thermally grown silica as the lower index cladding layer. 

 
 
 

 
Figure 3 Example geometry of the side coupled cavity transducer; width = 1.6 µm; height = 0.9 µm; 
period = 0.427 µm; duty cycle = 0.5; cavity length = 80 µm; Bragg grating length = 100 µm; Bragg 

modulation 0.22 µm; coupling gap: 0.7-1.4 µm. 

 
 

3.2 Nanoimprint Lithography 
Nanoimprint Lithography (NIL) provides a cost effective method of transferring 3-D structures into deformable 
materials such as polyimide. The heat and pressure method was employed with all the alignment between the  
three level stamp accomplished by electron beam lithography and subsequent dry etching. The silicon stamp and 
resulting Bragg grating bus-bar structure are shown in figure 4. 
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Figure 4 (a) Etched silicon stamp showing the teeth of Bragg grating. (b) Nano imprinted polyimide grating and 
bus-bar waveguide on silica. 
 

4. ASYMMETRIC SPLIT RING RESONATORS AS SENSORS 
 

4.1 Two separate metallic arcs of asymmetric lengths that share the same centre-of-curvature are known as 
asymmetric split ring resonators (A-SRRs). When the resonances from the two arcs interact they produce a steep 
slope in the reflection spectrum and a so called trapped mode.  It is well known that the spectral position of the 
resonances can be tuned with size, however we also show that when PMMA is used as an organic probe on top 
of the A-SRR array a shift in resonance proportional the thickness is observed up to a thickness of around 150-
200 nm. In addition, it is possible to tune the resonance of the structure to match the molecular resonance of the 
probe material. 
 

Figure 5 (a) An array of A-SRRs (b) shift in resonance peak position as a function of probe material thickness 
corresponding to a sensitivity of 1235 nm/ RIU (refractive index unit). 
 
 

 
 
Figure 6 (a) measurements and (b) simulations of the shift from a 100 nm thick layer of PMMA on the surface of 
an array of ASSRS. 
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5. CONCLUSIONS 
Nanophotonic devices fashioned from various techniques such as electron beam lithography and nano imprint 
lithography are able to produce devices that either with high Q and moderate shift in wavelength, or moderate Q 
and large shift in wavelength, can produce sensitive devices for molecular detection.  
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ABSTRACT 
Fiber optic biosensors are very promising optical-based sensing systems and offer all the main advantages 
related to the usage of standard as well as microstructured optical fibers. This work will describe the activity 
performed for the detection of relevant components in food biological fluids, providing performances of labelled 
and label-free schemes. DNA detection procedures will be shown. 
 
Keywords: Biosensor, DNA detection, Optical Fibers, Microstructured Fibers, PNA Probe, Fuctionalization. 

1. INTRODUCTION 
New technological approaches aimed to the development of biosensorshave attracted considerable academic and 
industrial interest during the last three decades, as biosensors can play a significant role in different applications. 
The market trend shows how the biosensor industry is expanding particularly in certain areas like, for example, 
medical, environmental, food, safety and security as well as defence [1].  
Standard and microstructured fibers can provide a very efficient platform for such a development and fiber based 
optical sensors have been widely developed for years [2-4]. In particular, microstructured optical fibers and 
Photonic Crystal Fibers (PCFs), have been deeply studied because of a number of unique features [5]. The cross-
section of such fibers is defined by an array of air-holes, running all along the whole length, in a matrix of 
dielectric material, and it can be infiltrated with liquids or gasses under test. The light-guiding and the sample 
microfluidics properties can thus be tailored with unprecedented degrees of freedom, thus opening up a new 
fascinating branch in the fiber-based sensor field [6-7]. For example, a very long interaction length, even in 
presence of very limited quantity of sample can be easily obtained  thanks to the micro- or even nano-metric 
dimensions of the holes. In addition, the probing light can be confined to a small area, which means that high 
intensities can be achieved, facilitating optical nonlinearity-based sensing techniques [8]. In this perspective, 
optical biosensors based on the use of PCFs can be classified as true intrinsic sensors, where interaction with the 
sample occurs within the fiber itself, differently from extrinsic sensors, in which the optical fiber is used as 
signal transmission medium to couple light, usually to and from the region where the light beam is influenced by 
the liquid solution under test. 
However it’s worth remember that standard fiber technology has achieved such a high fabrication level to allow 
very efficient applications. Fiber Bragg Gratings (FBGs) and long period gratings [9], in different configurations, 
can be successfully integrated in sensor devices, while tapered structures and nanowires can be used to strongly 
enhance sensitivity due to the evanescent field.  
The following sections will provide a brief discussion about the main issues related to the use of standard and 
microstructured fibers in sensing applications. Being aware of the immense number of different configurations 
and working principles of biological sensors, which can be based for example on absorbance, reflectance, 
fluorescence, luminescence, refractive index variation and other measurement techniques, a brief overview and 
some examples of optical sensing mechanisms will be given, focusing on selected structures and applications, in 
particular for the detection of  DNA. 

2. LIGHT GUIDING AND  MICROFLUIDICS 
One of the main crucial point for the fiber-based sensor realisation is getting light and fluids into the fiber at the 
same time. Different approaches have been already suggested to this aim. When using PCFs, the usual procedure 
is to fill the holes through one of the fiber ends. This increases the complexity of using such structures when 
compared with conventional fibers, as light in- and out-coupling requires to manage the fiber ends. For example, 
selective infiltration of analytes or reagents within a definite number of channels can also be obtained by 
obtruding the terminal holes of a selected number of channels. Another potential and intriguing solution to this 
issue is to generate a lateral access to the PCF holes, through which the sample can be inserted. This approach 
cannot be applied to triangular lattice PCFs where too many holes should be taken into account, while can be 
effective, for example, in air-suspended core fibers, where few and relative large holes are easily accessible [10]. 
This approach, which doesn't interfere with light guidance, has the great advantage to separately manage light 
coupling into the core and sample insertion in to the fiber holes. However, the simplest way to infiltrate liquid 
solutions into the fiber holes is using the capillary effect which, however, cannot allow a fine control of the 
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considered volumes. Tapered tips can also be considered as alternative approach to access liquids, still through 
capillary effect, once properly designed and realized. As an alternative to the capillary effect, proper microfluidic 
pumps can be used which allow a very precise control of the infiltrated solution. Fig. 1 shows a set-up example 
used in the laboratory at Parma University based on a microfluidic pump. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3. FLUORESCENCE BASED AND GRATING-BASED DETECTION 

The detection configurations can be generally classified into two main categories: fluorescence-based detection 
and label-free detection. In fluorescence-based detection, molecules under test are labelled with fluorescent 
markers. The intensity of the fluorescence indicates the presence of the target molecules. Fluorescence-based 
detection is extremely sensitive, with the detection limit down to a single molecule, but it suffers from laborious 
labelling processes. In contrast, in label-free detection, target molecules are detected in their natural form thereby 
greatly simplifying the sample treatment. Typical optical fiber label-free biosensors exploit the presence of 
different kinds of gratings and Fabry-Perot etalons and measure the change of a resonance wavelength 
introduced by the presence of a biological agent. The main disadvantage of grating based sensor, even though the 
grating scribing in standard optical fibers constitutes a mature technology, is that the progress achieved in 
photonic crystal and microstructured fibers is still limited and challenging due to the presence of effects such as 
the side-illumination scattering induced by the capillary structure, the complex geometry core and the absence of 
significant photosensitivity for the case of all-silica fibers.Two examples will be reported in the following about 
fluorescence based and label-free detection using respectively microstructured fibers and standard ones with 
gratings. 

 
Figure 2. Fluorescence intensities observed after hybridization for PNA-modified suspended core PCF and 

unmodified fiber, compared to those obtained for the initial solution deposited on an unmodified fiber. Data are 
normalized for each channel to the intensity of the initial solution, in order to take into account the different 

sensitivity of each channel. 

Figure 1. A possible experimental 
set-up showing the microfluidic 
pump, the withe device in the 
back on the left, which can be 
used to flow small volumes of 
liquid around a fiber inserted in a 
sailed tube or to infiltrate 
reagents and samples into the 
holes of a microstructured fiber 
which is hung between the two 
vertical holders in the front of the 
set-up. On the right is clearly 
visible the light coupled into the 
fiber. 
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3.1Fluorescence based detection 
To realized the fluorescence-based biosensor, the so called  suspended core fiber has been considered and 
functionalized. Peptide Nucleic Acids (PNAs) which are nucleic acid analogs, known to bind very effectively to 
complementary DNA, have been chosen as probes. In order to obtain a PNA-modified surface, the 
functionalization of the internal channels of the suspended core fiber has been performed [11]. To test the sensor 
effectiveness, unmodified fibers and a functionalized fiber have been considered, as well as different DNA 
chain, matching and not matching with the specific PNA probe. If the PNA is present on the surfaceof the 
modified fiber, a sequence-specific DNA binding shouldbe revealed by the uptake offluorescently labeled DNA 
by the functionalized fiber, marked with Cy3 label, higher than that of the mismatched DNA, marked with Cy5 
label, of afunctionalized fiber, and of course lower as compared to reference solution. The results are reported in 
Fig. 2 for an olive oil DNA and clearly report the occurred hybridization process of the first case, as expected. 
Consider that the sensor is able to discriminate the DNA with onlya single-base difference in a 100 nM DNA 
solution using less than 20 nano litre volume. 
 

3.2 Label-free detection using gratings  
The proposed DNA label-free biosensor is based on an optical fiber ring cavity, which has been realized utilizing 
a Double Tilted Fiber Bragg Grating (DTFBG) as a detector element. A specific functionalization of the external 
surface of the fiber has been performed and a liquid handling system, composed of a teflon tubing, has been 
implemented for the packaging and the functionalization of the fiber sensor. The DTFBG sensor [12] consists of 
two identical blazed fiber gratings separated by a proper distance, as shown in Fig. 3, forming a Fabry-Perot 
structure that creates two interferences. At the Bragg wavelength the light incident on the grating is back 
reflected into the core, creating a Fabry-Perot interference. At lower wavelengths there is a ring resonance 
generated by the reflections from the core mode into the cladding modes and then back into the original core 
mode. This resonance is monitored to detect variations of the environment around the fiber. In particular the 
measurement of the refractive index of the medium surrounding the fiber affects the level of the interference 
between the two blazed gratings and changesthe lower wavelength spectrum according to how much light is lost 
from the counter-propagating cladding modes. By checking the variation of the visibility of the spectrum [12] it 
is possible to get information about the hybridization occurred on the outer surface of the fiber. 
 

 
Figure 3. The etalon generated by the two double tilted fiber Bragg gratings. 

 
As an example, after the functionalization process,  a 10 nM DNA solution was passed through in the system and 
the spectrum visibility monitored. Tomato DNA has been used. The DNA hybridization causes aclear decrease 
of the visibility of fringes with respect to the case of a fiber which has not been functionalized. The visibility 
change is clearly reported in Fig.4 and it provides a measure of the hybridization process which allow the DNA 
to be identify. 

4. CONCLUSIONS 

Fiber optics technology is a very promising platform for biosensing. Standard as well as microstructured 
fiberscan play a significant role in the development of physical, chemical and biological sensors because of their 
mature technology and unique features of direct and strong interaction with the analytes under test. These sensor 
types have been the objective of a large number of investigations in the last years and they provide numerous 
ways of performing a rapid, remote, in-line and in-situ determination of many types of analytes in a wide range 
of application fields. Two examples have been reported for standard and microstructured fiber based DNA 
biosensors in label-free and labelled configuration.Experimental results confirm the unique selectivityof the 
sensors that are able to discriminate the DNA with onlya single-base difference and very low concentrations. 
If,in the next future, standard and photonic crystal fiber based biosensors will be able to demonstratedevices 
flexible and simple in use, miniaturized, with enhanced optical read-out and able to be in line with the increasing 
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need of fast-response instrumentation, they will provide crucial beneficial effects on healthcare system and on 
the society.  

 
Figure 4. The graph shows the average change in visibility for the functionalized fiber with full-matched DNA, 

for a functionalized fiber with mis-matched DNA, and for the reference fiber which has not been treated. 
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ABSTRACT 
Femtosecond laser micromachining is a powerful tool for the fabrication of both optical waveguides and, when 
followed by chemical etching, of microchannels, with unprecedented intrinsic 3D capabilities. Basics of the 
technique and examples of fully integrated optofluidic devices are presented.Applications to the biomedical field 
are shown: in particular we describe integration of optical functionalities in a lab-on-chip for capillary 
electrophoresis and a monolithic device, completely fabricated by femtosecond laser technology, for label-free 
and spatially-resolved sensing in a microfluidic channel based on an integrated Mach-Zehnder interferometer. 
 
Keywords: optofluidics, lab-on-a-chip, femtosecond laser micromachining. 

1. INTRODUCTION 
Optofluidics is a rather new technology that, by combining microfluidics and optics, allows the realization of 
integrated devices that synthesize novel functionalities [1]. In biomedical applications, a major role is played by 
lab-on-chips. A lab-on-chip (LOC) is a device that squeezes onto a single glass substrate the functionalities of a 
biological laboratory, by incorporating a network of microfluidic channels, reservoirs, valves, pumps and micro-
sensors [2]. It offers the capabilities of preparation, transport, reaction and analysis of very small volumes (nano- 
to picoliters) of biological samples. Its main advantages are high sensitivity, speed of analysis, low sample and 
reagent consumption and the possibility of measurement automation and standardization. The LOC concept has a 
huge application potential in many fields, ranging from basic science (genomics and proteomics), to chemical 
synthesis and drug development, point-of-care medical analysis and environmental monitoring. The next 
technological challenge of LOCs is direct on-chip integration of photonic functionalities, by manufacturing 
optical waveguides for sensing of biomolecules flowing in the microchannels. Such integrated approach has 
many advantages over traditional free space optical sensing, including compactness, sensitivity, enhanced device 
portability and the possibility of multipoint excitation. However, standard waveguide fabrication methods are 
planar multistep processes, which considerably complicate the LOC device production. 

Femtosecond-laser induced refractive index modification is a powerful technique enabling direct, maskless 
three-dimensional fabrication of optical waveguides in glass [3], and appears to be particularly suited for their 
integration into LOCs. It can be performed as a post-processing technique allowing to position optical 
waveguides (or more complex photonic devices such as splitters, couplers and interferometers) inside a pre-
existing LOC without affecting the manufacturing procedure of the microfluidic part of the device, thus greatly 
simplifying the production process. In addition, femtosecond-laser irradiation of fused silica followed by 
chemical etching in HF solution allows the manufacturing of directly buried microfluidic channels [4], due to the 
enhanced (by up to two orders of magnitude) etching rate of the irradiated material with respect to the pristine 
one. This opens the possibility of using a single femtosecond laser system for the production and the integration 
of microfluidic channels and optical waveguides [see Fig. 1(a)]. 

In this work we demonstrate the fabrication, by femtosecond laser irradiation, of both high-quality optical 
waveguides and microfluidic channels on the same fused silica substrate. We also use the femtosecond laser to 
inscribe optical waveguides on a commercial LOC for capillary electrophoresis (CE), for the realization of 
compact high sensitivity integrated optical sensors. 

2. FABRICATION TECHNIQUE 
The femtosecond laser fabrication process can be achieved with different types of lasers, with pulse durations 
ranging from 50 fs to about 200 fs, repetition rates from 1 kHz to 25 MHz, energies per pulse from tens of 
nanojoules to hundreds of microjoules, wavelengths in the NIR (800-1040 nm). The choice of the laser 
determines the fabrication regime and, in particular, the importance of pulse-to-pulse cumulative effects and 
thermal diffusion. In most experiments reported in this work, a regeneratively amplified Ti:sapphire laser 
generating 150-fs, 500-µJ, 800-nm pulses at 1 kHz has been used. A fraction of the beam is focused, by either a 
20× (NA = 0.3) or a 50× (NA = 0.6) objective, at a depth ranging from 100 µm to 500 µm below the surface of 
the fused silica sample, which is moved perpendicularly to the beam propagation direction by a precision 
translation stage at a speed of ≈20 µm/s. In order to produce modifications with a circular cross-section, the 

mailto:roberta.ramponi@fisi.polimi.it


MINAP 2012 

16 
 

beam is astigmatically shaped by passing it through a cylindrical telescope [5]. The optical waveguides, 
fabricated using the 20× objective and 4 µJ pulse energy, are very uniform, have a nearly circular cross section 
with 10 µm diameter and are single mode in the visible [see Figs. 1(b)-(d)]. The peak refractive index change is 
1×10-3. Propagation losses in the visible are 0.5dB/cm, which is a lower value than those obtained for 
waveguides integrated on LOCs by standard photolithographic techniques. The microfluidic channels are 
manufactured by higher intensity laser irradiation (pulse energy of 4 µJ through a 50× objective) and subsequent 
etching for 3 hours in an ultrasonic bath with a 20% HF solution in water. With double side etching, channel 
lengths up to 3 mm with 100 µm cross section are obtained [6]. The channels are directly buried and can be 
positioned at any depth with respect to the sample surface, in a three-dimensional geometry. Increased channel 
lengths, as would be required for the LOC applications, can be obtained by a combination of iterative etching, 
concentration gradient and non-uniform sample irradiation. The quality of the microchannels is high, as shown in 
the SEM image of one of Fig.1e. 

 

 
 
Fig. 1. (a) Conceptual scheme of the use of the femtosecond laser for the fabrication of optical waveguides and 

microfluidic channels; (b,c) top and end view of a femtosecond written waveguide; (d) waveguide mode at 532 
nm;(e) SEM image of a microfluidic channel obtained by femtosecond laser irradiation followed by chemical 
etching. 

 

For the realization of an integrated waveguide Mach-Zehnder interferometer (MZI), a different laser system 
was used, i.e. a mode-locked Yb:KYW laser producing 350-fs pulses at 1030 nm, with energy up to 1 μJ. The 
repetition rate was set to 1 MHz and the second harmonic, produced by a lithium triborate crystal, was used since 
this fabrication wavelength yields smoother waveguides. In this case, this laser is preferable to the amplified 
Ti:Sapphire laser reported above, since it provides waveguides with a higher refractive index contrast (∆~5×10-

3), thus allowing smaller curvature radii, essential for the layout of the MZI. 

3. MICRO-OPTOFLUIDIC DEVICES 
We report two different devices. As a first example of applicability of our fabrication technique to real-world 
devices, we inscribed optical waveguides in a commercial LOC for capillary electrophoresis (LioniX bv, the 
Netherlands), a schematic layout of which is shown in Fig.2(a). This chip has two crossing microchannels, that 
are responsible for the sample injection (channel going from reservoir 1 to 3) and for the electrophoretic 
separation (channel going from reservoir 2 to 4). Several optical waveguides have been inscribed perpendicular 
to the separation channel towards its end, to provide highly localized excitation for laser-induced fluorescence 
(LIF). A precise alignment procedure has been developed in order to have the 10 µm-diameter waveguides 
exactly crossing the 12-µm-high microfluidic channel. A low power green laser was coupled to a waveguide by a 
single mode optical fiber and the separation channel was filled with a solution of Rhodamine 6G. Figure 2(b) 
shows the yellow fluorescence excited by the green light coupled into the waveguide. The excitation is very 
selective in space (10 µm, as the waveguide diameter), indicating very low light leakage out of the waveguide. In 
addition, the excited fluorescence covers the whole width (50µm) of the channel due to the low divergence of 
light coming from a waveguide with a numerical aperture below 0.1. As shown in Fig.2(a), the LIF signal is 
collected by an ultrahigh numerical aperture optical fiber (NA = 0.5) glued to the chip in correspondence to the 
excited portion of the microchannel in a 90° geometry with respect to the exciting waveguide, thus strongly 
suppressing the excitation light background. The signal is detected by a photon counting photomultiplier after 
notch and interference filters, used to further reject the excitation light and chip autofluorescence. Preliminary 
measurements indicate a limit of detection of 1 nM, comparable to what obtained with standard free-space 
optics, with the clear advance of enhanced compactness and portability. 
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(a)          (b) 

 

Fig. 2. (a) Schematic diagram of the commercial microfluidic chip with femtosecond laser inscribed optical 
waveguides; (b) fluorescence induced in the microchannel by the optical waveguide. 
 

As a second application we present a monolithic device, completely fabricated by femtosecond laser technology, 
for label-free and spatially-resolved sensing in a microfluidic channel. The layout of the optofluidic device is 
shown in Fig. 3. It consists of a MZI fabricated in a fused silica sample, with the sensing arm orthogonally 
crossing the channel and the reference arm passing over it. The device is capable of refractive index sensing with 
a spatial resolution of the order of the waveguide mode diameter (~15 µm). The innovative 3D layout of the 
MZI, which is required for spatially-resolved sensing, is only made possible by the unique capabilities of 
femtosecond laser microstructuring. Since this geometry implies a very small interaction length with the analyte, 
evanescent field sensing would provide a limited sensitivity; therefore, in our configuration, the sensing arm 
directly intersects the microchannel. The device is statically and dynamically tested by filling the channel with 
glucose solutions and displays sensitivity down to 10-4 Refractive Index Units (RIU). 

 

 
 

Fig. 3. Schematic of the femtosecond-laser-fabricated microfluidic channel and integrated MZI. The sensing 
arm crosses orthogonally the channel, while the reference one passes over it. The microchannel is filled through 
top access holes; the MZI is coupled to optical fibres. 
 

In particular, to characterize the sensitivity and the linearity of the interferometer response, the microchannel is 
filled with different concentrations of aqueous glucose-D solutions, and for each of them the spectral response of 
the optofluidic device is measured statically (see inset in Fig. 4). Figure 4 shows the phase of the Fourier 
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transform calculated from the experimental data, as a function of glucose concentration. X-axis top scale 
represents the corresponding refractive index variation of the solutions with respect to pure water. 

 

 
 
Fig. 4. Measured phase from spectral data for different concentrations of glucose-D in water (inset: 0 mM 

solid blue; 50 mM dashed green; 100 mM dotted red); the correspondent refractive index increase is also 
shown. 

 

4. CONCLUSIONS 
In conclusion, the femtosecond laser is a powerful tool for the fabrication of optical waveguides and microfluidic 
channels and their combination in optofluidic devices. It can be used to integrate optical excitation/detection in 
commercial LOCs without affecting their manufacturing process, strongly increasing device compactness and 
portability. It can also be used to fabricate all the components of integrated micro-optofluidic devices, allowing 
3D geometry, thus resulting in unprecedented design flexibility. 
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ABSTRACT 
Magnetic resonance force microscopy (MRFM) is a scanning probe technique which combines the three-
dimensional capabilities of conventional magnetic resonance imaging with the high spatial resolution of atomic 
force microscopy. MRFM exploits the strong gradient-dipole interaction between a nanoscale magnetic tip 
affixed on a cantilever and the spins in a sample. The strong magnetic field gradient generated by the tip allows 
to selectively address spins in different locations, similarly to external gradients in conventional magnetic 
resonance imaging (MRI). MRFM has an outstanding potential for application to molecular imaging, in 
particular for the reconstruction of the spatial structure of proteins and complex biomolecules. It has also been 
suggested as a mean for imaging and control of defects and single dopants in semiconductors. Here, I will 
describe a new approach to MRFM, based on a superconducting readout, which enables the operation at ultralow 
temperature. Using this new setup we have performed MRFM detection of paramagnetic defects in Si-SiO2 
interface at temperatures below 100 mK. We have found evidence of spin diffusion which may be related with 
magnetic noise and decoherence in several types of qubit.   

 
Keywords: Magnetic Resonance Force Microscopy, molecular imaging, paramagnetic centers  

1. INTRODUCTION 
Magnetic Resonance Force Microscopy (MRFM) is a scanning probe technique based on detecting the tiny 

force between an ultrasoft magnetically tipped cantilever and the spins in a sample, when these are manipulated 
by means of magnetic resonance techniques. MRFM combines the three-dimensional imaging capabilities, hence 
subsurface, offered by magnetic resonance, with the excellent force sensitivity provided by micromachined 
mechanical resonators, as in conventional AFM. The spatial selectivity in MRFM is provided by the strong field 
gradient generated by the magnetic tip, similarly to external field gradients used in conventional Magnetic 
Resonance Imaging (MRI). MRFM is nowadays considered one of the most viable routes towards three-
dimensional imaging of biomolecules or nanostructures with atomic resolution [1]. It has been further proposed 
as a mean to image and control single dopants in semiconductors [2]. While these ambitious goals have not been 
reached yet, several milestones have already been demonstrated, including mechanical detection of a single 
electron spin [3] and 3D nuclear spin imaging of a virus with a few nanometers resolution [4], roughly 8 orders 
of magnitude better, in volume, with respect to conventional MRI. 

One of the main limiting factors on MRFM resolution is the thermal force noise of the cantilever, Sf=4kBTγ, 
where T is the temperature and γ is the damping factor. For this reason, MRFM is normally operated at liquid 
helium temperature, with the cantilever being measured by a low-power fiber interferometer. State of art force 
sensors are based on ultrasoft micromachined silicon cantilevers and reach a typical force noise of the order of 1 
aN/√Hz, while interferometric detection provides displacement noise of the order of 0.1 pm/√Hz. Further 
improvements require softer and less dissipative mechanical sensors and possibly a further reduction of 
operating temperatureT. 

We have recently developed a novel approach to MRFM, which enables operation down to millikelvin 
temperature [5]. A key ingredient is a new cantilever detection scheme based on a Superconducting Quantum 
Interference Device (SQUID), which provides much lower cantilever overheating compared to optical detection. 
In this scheme, the motion of the magnetic tip on the cantilever modulates the magnetic flux threaded in a 
superconducting pick-up coil, and the flux change is detected by the SQUID. 

In this paper, I will describe the first MRFM experiment performed with this new setup. In this experiment, we 
were able to mechanically detect and manipulate paramagnetic centers located close to the surface of the chip 
supporting the superconducting pick-up coil. Paramagnetic centers in thin film surfaces and interfaces have been 
recently subject of various studies [6-8], because they are possibly related to the 1/f magnetic observed in 
SQUIDs and to some dephasing mechanisms in superconducting qubits [7] and in single dopant qubits [8]. 

2. EXPERIMENTAL RESULTS 
A general scheme of our experimental is shown in Fig. 1a. The force sensor is an ultrasoft microfabricated 

silicon cantilever [9], with length 90 µm, thickness 100 nm, width 5 µm, and stiffness k=2×10-4 N/m. A micron-
sized spherical ferromagnetic particle made of a neodymium-iron-boron alloy is attached to the end of the 
cantilever by Pt electron beam deposition. The particle (from now on the magnet) has a diameter of 5.2 µm and a 
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saturation magnetic moment µ=8×10-11 A/m. An electron microscope micrograph of a cantilever with a magnet 
attached to it is shown in Fig. 1b. The loaded cantilever has a resonant frequency f0=3093 Hz and quality factor 
Q=50000 at cryogenic temperature. The cantilever is approached vertically to the surface of a silicon chip, 
supporting a thin film superconducting Nb pick-up coil. Assuming the z-axis perpendicular to the chip surface, 
both the magnetic moment of the magnet and the cantilever fundamental mode deflection are oriented along the 
x-axis. The motion of the magnet is detected by measuring themagnetic flux φ induced in the superconducting 
pick-up coil, which is connected to a SQUID amplifier. A Nb microwire integrated on chip allows to generate a 
rf/microwave field B1, which can be used for magnetic resonance manipulation of spins. 
 

 
 

Figure 1: (a) experimental scheme and (b) SEM micrograph of the cantilever. 

 
The SQUID detection scheme to measure the motion of the cantilever has been specifically developed to be 

compatible with ultralow temperature. In fact, conventional cantilever detection based on optical interferometry 
appears not suitable for operation below ~1 K, because photon absorption limits the effective cooling of the 
cantilever. In practice the effective temperature of the cantilever achievable, hence the thermomechanical force 
noise, is limited to about 1 K. Conversely, SQUID detection does not involve a direct absorption of power by the 
cantilever. Using SQUID detection we have been able to detect the motion of an ultrasoft silicon cantilever down 
to an effective temperature of 25 mK [5], corresponding a record force noise of 0.3 aN/√Hz.  

When the cantilever with the magnet is approached to the surface, it interacts with nuclear or electron spins in 
a sample placed on the surface via gradient-dipole interaction. The field gradient provided by the micron-size 
particle close to its surface is 2×105 T/m. In the experiment described here, the sample is simply constituted by 
paramagnetic electron spins on to the chip surface. Paramagnetic defects are found to be almost ubiquitous on 
the surface of thin film devices [6], with typical density of 0.1-1 nm-2. In particular, Si/SiO2 interfaces are 
relatively rich of dangling bonds paramagnetic centers, also known as Pb centers. Some interesting effects 
emerge at temperatures below 1 K due to paramagnetic ordering. For instance, 1/f magnetic noise and dephasing 
in SQUIDs and superconducting qubits at millikelvin temperature are nowadays attributed to surface 
paramagnetism [7]. High densities of paramagnetic defects can also be a significant source of dephasing in single 
dopant qubits, like phosphor donors in silicon [8]. 

In our experiment, gradient-dipole interaction between the magnet on the cantilever and the surface spins 
shows up as a static cantilever frequency shift [10]. Spins located immediately underneath the magnet, at the 
experimental distance d=3.6 µm between surface and magnet center, feel a magnetic field of about 0.2 T. At the 
operating temperature T=30 mK, this corresponds to almost full spin polarization. A fully polarized spin in the 
field B0 of the magnet produce a change ∆k of the effective spring constant of the cantilever, which cause a 
frequency shift ∆f related to ∆k by ∆k/k=2∆f/f. Fig. 2a shows the calculated ∆k (black line) due to a fully 
polarized single electron spin, as a function of the coordinate x, (y,z=0). It is apparent that spins can produce both 
a positive or negative frequency shift, depending on the position with respect to the magnet. The total shift can 
be estimated by integrating over the surface. In our case, the total frequency shift due to the interaction between 
magnet and surface spins is 4.5 Hz. Assuming that the effect is produced by an uniform layer of spins with 
density σ, from the measured frequency shift we infer σ≈0.2 nm-2, a value reasonably close to estimations from 
other authors [6]. 
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Figure 2: (a) Magnet-spins interaction and (b) microwave induced frequency shift. 

 
To demonstrate that the measured static frequency shift is indeed due to a magnetic interaction with polarized 

surface electron spins, we have performed a simple saturation-recovery MRFM measurement. For spin 
manipulation, we generate a microwave field B1≈1 µT at a frequency in the range 1-5 GHz by sending a current 
through the microwire deposited on chip (see Fig. 1a). Because of the strong magnetic field gradient, the static 
field B0 produced by the magnet, and hence the electron spin magnetic resonance frequency f=gµBB0/h (with 
gLandè factor, µB Bohr magneton, h Planck constant) represented by orange line in Fig. 2a, are strongly varying 
with position. In particular for a given microwave frequency, only the spins in a thin slice, the so called resonant 
slice, will satisfy the magnetic resonance condition. In Fig. 2a the resonant slices for three representative 
frequencies (1.25 GHz, 2.7 GHz and 4.2 GHz) are indicated by coloured vertical stripes.   

In our measurement protocol, we turn on the microwave field for a fixed time t=1 s (shaded grey region in Fig. 
2b), thereby saturating spins in the resonant slice, and then we turn the field off. During the saturation process, 
the microwave field destroys the spin polarization by equalizing the population of the two Zeeman levels and 
therefore suppresses the contribution of the resonant spins to the cantilever frequency shift (black line in Fig. 2a). 
After the microwave field is turned off, the spins relax back to thermal equilibrium and repolarize. We can track 
the frequency shift in real time by self-oscillating the cantilever in a phase-locked loop. Figure 2b shows the 
cantilever resonant frequency as a function of time when saturating different resonant slices. Microwave field at  
1.25 GHz (green resonant slice in Fig. 2a) saturates spins with a negative frequency shift contribution, leading to 
a net positive frequency shift. Microwave field at 4.2 GHz (red resonant slice in Fig. 2a) saturates spins close to 
the magnet with positive frequency shift contribution, leading to a net negative frequency shift. Finally, at an 
intermediate frequency of 2.7 GHz (blue resonant slice), we observe a mixed behaviour with an unexpected 
negative frequency shift following the expected initial positive transient. We attribute this complex behaviour to 
spin diffusion. In this picture, we have two transients: after spins in the resonant slice are saturated leading to an 
initial positive frequency shift, the spin polarization can spatially diffuse across the sample via flip-flop 
mechanisms. Since the blue resonant slice is close to the frequency shift inversion point in Fig. 2a, polarization 
eventually flows to the opposite sign region, leading to a sign inversion of the measured frequency shift. This 
picture has been validated by numerical simulations [10]. 

Spin diffusion of paramagnetic spins at millikelvin temperature has been recently proposed as a possible 
mechanism to explain the universal appearance of 1/f magnetic noise and decoherence in SQUIDs and 
superconducting qubits [7]. While the precise mechanism for 1/f generation has not been clarified yet, 
experimental evidence points to paramagnetic defects at the surface, or in buried film interfaces, as the noise 
source. Our experimental results support the spin diffusion model [7], by revealing for the first time spin 
diffusion phenomena in paramagnetic layers at millikelvin temperature. 

3. CONCLUSIONS AND PROSPECTS 
We have developed a new experimental setup for MRFM that for the first time can be operated down to 

millikelvin temperature. This achievement provides a mean to push this technique towards single spin resolution, 
possibly opening new horizons for three-dimensional imaging of biomolecules or imaging and control of single 
dopants in semiconductors. We applied for the first time MRFM to detect layers of paramagnetic defects in Si-
SiO2 interface, revealing spin diffusion phenomena. We have also demonstrated the basic features of this 
technique, in particular the field-gradient-induced spin selectivity.  
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Future developments rely on the implementation of a full three-dimensional scanner, and an increase of the B1 
field to enable advanced magnetic resonance manipulation techniques, like adiabatic rapid passage. A further 
optimization of the different parts of the apparatus will be needed to achieve single spin resolution, including 
more sensitive cantilevers and submicron magnetic tips. 
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ABSTRACT 
The application of inorganic materials as carbon nanotubes for large-scale biological application is hampered by 
their not well defined toxicity towards biological matter. In this work, multi-wall carbon nanotubes/gold core-
shell nanostructures were synthetized by controlled reduction of gold precursor. The gold hybrid materials as 
well as the intermediate products were characterized by means of X-ray photoelectron spectroscopy that allows 
controlling the efficiencies of the reactions step-by-step. UV-visible absorption spectroscopy and electron 
microscopy were used to follow the gold precursor reduction on the inorganic substrates. These composites 
could be very attractive for biological applications like imaging exploiting the high scattering of gold 
nanoparticles. In addition, thank to the particular geometry the nanotubes/gold core shell can be useful for drug 
delivery porpoises. 
 
Keywords: branched gold, oxidized carbon nanotubes, surface plasmon resonance, cell imaging. 

1. INTRODUCTION 
The development of functional carbon nanotubes is of considerably interest for applications in biological field. 
The key element is the possibility to exploit their geometry to increase drug carrier into cell or living tissues 
[1].Furthermore, it was reported that the endocytosis rate of functionalized carbon nanotubes is much faster 
respect to that of the conventional nanoparticles, although their dimensions are much higher [2]. The possibility 
of use carbon nanotubes as drug carriers open the way to the production of geometry-designed nanostructures for 
specific delivery applications. Recently, a great work was developed for the production of metal shell with both 
inorganic and organic core for bioimaging and therapy purposes [3]. For example, Kim et al. have produced 
gold-plated carbon nanotubes that show a big enhancement (two orders of magnitude) in photoacoustic (PA) and 
photothermal (PT) contrast respect to the pristine carbon nanotubes for in vivo applications [4]. By a simple 
chemical reaction they reduced a gold precursor onto short single wall carbon nanotubes forming gold 
nanostructures with strong near infrared absorption. By further functionalization with rabbit anti-mouse 
antibodies the golden carbon nanotubes were used to map the endothelial receptor by a combination of PA/PT 
techniques. One of the greater hindrances in the use of carbon nanotubes as clinical vectors for imaging or drug 
delivery is their not well-defined toxicity. This occurs because of some contradictory results obtained among 
several studies reported in the literature. For this reason carbon nanotubes coated by stable gold layer are of 
particular interest for possible application of these nanostructures in clinical studies. Among them, gold is non-
toxic material and allows the easy functionalization of the carbon nanotubes with a plenty of molecules including 
antibody and polymers. Multi-walled carbon nanotubes with an inner diameter of around 10-20 nm can be filled 
with a high amount of drugs or biomolecules for applications in disease cure or cancer therapy [5]. In addition, 
anisotropic gold shell system possesses interesting optical and electronic properties that could render them 
desirable for applications like plasmonic and surface enhancement Raman scattering substrates. In this work, 
oxidized carbon nanotubes are investigated as substrate for the growth of gold nanostructures. 
The gold precursor spontaneously adsorbs on the CNTs and then is reduced to metallic gold by bland reducing 
agent. The gold coated carbon nanotubes as well as the intermediate products were characterized by means of X-
ray photoelectron spectroscopy that allows controlling the efficiencies of the reactions step-by-step. 
Transmission electron microscopy indicates the formation of anisotropic gold nanostructure on carbon 
nanotubes. Visible absorption spectroscopy shows a strong NIR absorption attributed to the localized surface 
plasmon resonance of the gold on the carbon nanotubes. 
Commercial multiwall carbon nanotubes were treated in acid mixture in order to functionalize them with 
carboxylic groups. HAuCl4 water solution was added to the suspension of the ox-CNT sample and incubated 
under stirring at ambient temperature. After some minutes the suspension containing the ox-CNT sample was 
collected from the master solution, diluted in water and then analyzed by Uv-vis absorption spectroscopy. The 
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reducing agent hydroxylamine hydrochloride NH2OH*HCl was then added to the suspension to start the gold 
reduction.   
After some seconds the solution changes in colour from pale brown to dark violet indicating the reduction of the 
gold precursor. The suspension finally turns the colour into green-blue in around one minutes, indication of the 
total gold reduction (CNT@Au). The CNT@Au sample slowly precipitates forming a brown supernatant that 
contains unreacted carbon nanotubes without gold and a dark blue precipitate. After re-dispersion in water the 
final suspension was purified by centrifugation at 10000 rpm for 10 minutes and washed three times with 
distilled water to remove the unreacted carbon nanotubes (see Figure 1).  
 

 
 

 
Figure 1. Synthesis of CNT/Au sample. 

 
 
The oxidized carbon nanotubes show excellent stability in water and polar solvent even after months of storage. 
In Figure 2 XPS C1s core line of the pristine and oxidized carbon nanotubes are reported. No evidence of other 
elements besides carbon and oxygen are revealed by the XPS analysis. The region between 290 - 285 eV in the 
C1s core line exhibits the presence of carbon-oxygen bonds, like carboxyl (288.87 eV) as well as hydroxyl and 
ether-like bonds (286.36 eV). 

 

 
 
 

Figure 2. XPS of pristine (black continuous) and oxidized (red dashed) carbon nanotubes. 
 

The XPS quantitative analysis of the sample indicates the presence of a high amount of carboxyl on the surface. 
The presence of these functional groups on the CNT surface is the main responsible of the great stability of the 
CNT suspension in water. The COOH group deprotonation form negative charges near the carbon nanotubes and 
stabilize them through electrostatic repulsion.  
In figure 3 TEM image of CNT@Au sample is reported showing the presence of big particles with rod and star 
shape. This particular morphology is probably a consequence of the inglobation of a bundle of carbon nanotubes 
during the gold reduction that leads to the formation of anisotropic gold nanostructure with some similarities to 
star shaped and branched gold nanoparticles. The dimensions of these structures are around 100-200 nm. The 
EDXS analysis indicates the presence of gold, carbon and oxygen.  
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Figure 3. TEM image ofCNT@Aunanoparticles. 
 
The visible absorption spectroscopy of the CNT@Au samples shows an absorption feature located at around 530 
nm and an intense broad absorption band in the 600–900 nm region. The peak at 530 nm is assigned to the 
transverse mode which is dependent on the shell thickness, while the broad absorption band at 840 nm is 
attributed to the longitudinal plasmon mode. The reason for the large band width is attributed to the non-uniform 
carbon nanotubes length of the starting material (100 - 400 nm) and the formation of multiple carbon nanotubes-
gold structure that influence the final dimension of the composite. Despite the difference in the dimension, the 
shape of the CNT@Au particles presents a lot of similarities to that of gold nanostars. CNT@Au nanoparticles 
were further loaded with doxorubicin drug that can be adsorbed on carbon nanotubes and subsequently 
functionalized with thiolated PEG to increase the colloidal stability in water and biological media. A549 cancer 
cell lines were incubated with 0.1mg/ml of CNT@Au-dox nanoparticles for 15 hrs and then analyzed by laser 
scanning confocal microscopy.   
The results show that the localization of the gold nanoparticles is in close vicinity to the cell membrane, while 
the doxorubicin penetrates in the cytosol compartment inside the cell. 

2. CONCLUSIONS 
In conclusion carbon nanotubes decorated by thick gold film were produced by simple and low-cost chemical 
routes. The visible absorption spectroscopy put in evidences the presence of a broad absorption band attributed 
to the plasmon resonance of the gold coated nanotubes. The scanning and transmission electron microscopy 
analysis confirms the formation of branched gold layer around the carbon nanotubes. Thanks to the particular 
shape, chemistry and optical properties, the gold coated carbon nanotubes could find application for drug 
delivery applications. 
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Silicon-based photonics have generated a growing interest with impressive results on passive and active devices 
in the last years. The main applications are optical telecommunications; optical interconnects in microelectronic 
circuits and biophotonics.  
One of the rationales of the used of silicon photonics is the reduction of photonic system cost thanks to the high 
density integration of silicon devices and the used mature technology. Furthermore, the integration of photonic 
components with electronic integrated circuit on a common chip could also enhance the integrated chip 
performances. 
An overview of our recent activities on silicon photonics for the definition of high speed optical link will be 
given focusing on the integration of high speed silicon-based optical modulators and germanium photodetectors. 
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We review recent advances in subwavelength nanophotonic structures in planar waveguides. We present a new 
type of microphotonic waveguide, exploiting the subwavelength grating (SWG) effect. The SWG technique [1] 
allows for engineering of the refractive index of a waveguide core over a range as broad as 1.5–3.5 simply by 
lithographic patterning using only two materials, for example Si and SiO2.  
We demonstrate several examples of subwavelength grating waveguides and components made of silicon and 
operating at telecom wavelengths. These include waveguide crossings with minimal loss (<0.03 dB)  and 
negligible crosstalk, a subwavelength grating fibre-chip coupler with a loss as low as 0.9 dB, an apodized 
subwavelength surface grating coupler (Fig. 1), high-performance MMI couplers, a polarization rotator, athermal 
waveguides and several other emerging silicon subwavelength nanophotonic devices.  
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Apodized surface grating coupler with subwavelength nanostructures.  
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ABSTRACT 
We present the fabrication and optical characterization of double L7 photonic crystal microcavities consisting of 
two L7 photonic crystal microcavities. The microcavities were fabricated on an indium phosphide (InP) slab 
with embedded InAsP quantum wells with emission around 1.5 microns. The optical characterization and 
theoretical calculations confirm the optical coupling between both L7. 
 
Keywords: photonic crystal, microcavities, optical coupling, semiconductor slab 

1. INTRODUCTION 
Optical coupling in microcavities has been demonstrated in different systems, from Bragg reflector micropillars 
[1] to photonic crystal microcavities on thin slabs (PCMs) [2,3]. That kind of systems could be used for optical 
buffers [4], enhancement of nonlinear optical processes [5] and high efficient entangled photon sources [6]. In 
particular, the coupling of two PC cavities could be a key element for a more complex photonic integrated 
circuit. 
 

2. EXPERIMENTALRESULTS 
We have fabricated PCMs comprising two parallel L7 microcavities separated by one, three and five rows of 
holes in the direction perpendicular to the L7 microcavities, Figure 1. The active medium consists of four InAsP 
QWs emitting around 1.5 microns, fig 1(a). Double-cavities separated in the parallel direction were also 
fabricated but did not show a clear coupling between them for all the separations, like the formers did. Other 
configurations could provide an enhanced coupling [3].. 
 
 

Figure 1. Scanning Electron Microscopy image of a double L7 microcavity showing the different positions of the 
excitation spot. 
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2.1 Fabrication 
The fabrication process involves Electron Beam Lithography (EBL) on a thin layer of ZEP 520A resist. A 
transfer of the pattern to a SiOx hard mask was done by a Reactive Ion Beam Etching (RIBE). A subsequent 
transfer of the pattern to the active slab layer was performed by a Reactive Ion Etching (RIE). Finally, a wet 
etching of the sacrificial layer (InGaAs) is carried out through the holes with a mixture of HF:H2O2:DI. Further 
details can be found in [7]. 
The L7-type cavity consists of seven missing holes in a triangular photonic crystal array. We have designed the 
structures (single L7 PCMs) by  Finite Difference Time Domain (FDTD) simulations[8,9]. We have selected a 
lattice constant a= 440 nm; different structures with a radius evolution from 0.20a to 0.29a have been fabricated 
to match the spectral region of interest. The thickness of the suspended membrane and the InGaAs sacrificial 
layer underneath is 237 nm and 1156 nm, respectively. 
 

2.2 Optical Characterization 
Optical characterization was performed by microphotoluminescence (µPL) spectroscopy at room temperature. 
The excitation laser has a wavelength of 785nm and is operated in CW mode. For a double PCM we carried out 
several measurements using different positions for the excitation spot (Figure 1). The diameter of the excitation 
spot is ~1.5µm. This method allows to identify whether the optical modes are “shared” between the 
microcavities (optically coupled system) or not (optically decoupled system). Figure 2(a) shows several µPL 
spectra from a double PCM changing the position of the spot of excitation as can be seen in Fig.1. The energies 
of the observed peaks are independent of the position of the spot used for excitation although their intensities do 
depend. That behavior shows that the PCMs are optically coupled for both the first and second modes. 
On the other hand, Figure 2(b) shows the spectra of another double microcavity. In this case, the spectral  
position of the peaks depend on which microcavity is directly excited (i.e., the physical position of the spot for 
excitation) so we can conclude that the first and second modes are optically decoupled. Other double 
microcavities show that only the first or the second modes are optically coupled while the other ones are 

decoupled. 
 

Figure 2. µ-PL spectra of two double microcavities showing coupled modes (a) and decoupled (b). Red (blue) 
spectra were taken with the excitation spot over the upper (bottom) microcavity. Green spectra were taken in 

between the microcavities. 

In order to explain the observed coupling of double L7 microcavities, we have carried out calculations using the 
guided-mode expansion method (GME) [10]. The calculated energies for the optical modes of the microcavities 
and the experimental measurements do not agree well unless we include a shift in the calculated energies with an 
ad-hoc ratio. Once the ad-hoc ratio is included, there is a good correlation between measured and calculated 
values for the energies of the coupled modes. This discrepancy in energy can be attributed to a difference 
between the real refractive index and the one used the calculation, a thinner slab of InP than expected or 
differences in the r/a value. The resonance splitting of the 5-rows PMCs is well described by the theoretical 
model. In contrast, the 3-row PMCs are not so well described. We presume that the 3-row PMCs are more 
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sensible to fabrication defects than the 5-row PMCs. Hence, our ideal model performs better in describing the 
optical features of the latter than the former. The results above described provide a quite convincing basis to 
support that the microcavities are truly optically coupled. We notice that far-field measurements could improve 
the understanding of coupled modes as described in [11]. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Comparison between the measurements (red symbols) of two double L7 microcavities and GME 
calculations for these structures (black lines). 

 

3. CONCLUSIONS 
In summary, we have fabricated and characterized double L7 photonic crystal microcavities on InP slab emitting 
around ~1.5 microns. The optical characterization show that some of the double PCMs present optical coupling  
between their modes. Theoretical calculations support the measurements. The results could contribute to the 
design and fabrication of future photonic integrated circuits. 
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ABSTRACT 
Temporal mapping of 20pJ pulse propagation in a 2DPhC waveguide show of soliton formation. For high signal 
powers the photonic band is modified influencing the group velocity leading to an acceleration of the pulse 
propagation. 
 
Keywords: Temporal Solitons, Photonic Crystal waveguide. 

INTRODUCTION 
In this work we report on the various manifestations of the effect of the low group velocity vg and its 
management using the intertwining of the group velocity dispersion in a PhC waveguide in the low vg regime 
and the self phase modulation in the material (GaInP). The exploration of the influence of these two processes in 
a line-defect PhC waveguides are carried out by measuring their effect, on the propagation of pico-second pulses 
through the sample, by means of accurate time domain measurements.  

2DPhC line defect waveguides have been a topic of extensive studies since a few years in a lot of 
different contexts. PhC-based all-optical switching [1], lasing [2] and temporal solitons [3] have been 
demonstrated. The low group velocity vgnear the photonic band edge in PhC waveguides is an extremely 
interesting aspect of the photonic crystal which provides enhanced light matter interaction leading to exalted 
manifestations of nonlinearities. In order to exploit the advantages provided by the low vg, precise 
characterisation and management of low group velocity is important. We report on a direct measurement of the 
delay between the linear propagation and soliton formation through a parametric amplification optical gating 
method.  
 
The PhC waveguide used for our exploration corresponds to one line of holes removed in a hexagonal lattice of 
air holes drilled in a GaInP slab membrane [3]. The 1.3mm PhC waveguide is equipped with an inverse taper to 
reduce insertion loss. The waveguide dispersion was analysed using the parametric amplifier gating method for 
different wavelengths propagating through the waveguides giving a direct measurement of the time delay ΔT, 
yielding directly the group index ng = cΔT/L.  
 The intense 810nm pump pulses are combined with the output signal pulse from the PhC waveguide in 
a BBO crystal.  The interaction with the pump pulses parametrically amplifies the pulses coming out of the 
waveguide from 1490 to 1565nm. Indeed, for each measurement, the angle of the BBO crystal is set in such a 
way that these wavelengths correspond to the idler wavelength of the crystal. The amplification of the near 
infrared wavelengths is accompanied by the generation of amplified pulses at the BBO’s signal wavelengths 

around 540nm. We eliminate the background noise in several steps: firstly we detect the signal at the nearly 
background free wavelength of 540nm which also has the advantage in that it’s where the detector performance 
is optimum. Then in order to eliminate the noise due to the diffusion of the intense blue light arising from the 
SHG of the pump (at around 400nm), we use a high-pass filter. We also introduce an angle close to 10 degrees 
(in order to eliminate the blue light which is in the direction of the pump) to superimpose the pump and idler 

 
Figure 1 : Ultrafast measurement set-up 
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beams and then we detect only the signal pulses using a Si photomultiplier. To further eliminate background 
noise, we electronically gate signal detected by the Si detector with a boxcar averager and use a lock-in amplifier 
to filter out the chopped pump (hence 400nm SHG as well).  Then by optically delaying the 810nm gating pulse 
it is possible to “map” the temporal response of the pulses coming out of the waveguide with a resolution of 
150fs.  In Figure 1 we show a block-diagram of the optical elements traversed by the idler and pump 
wavelengths. The sample was monitored using an infrared camera. 
 Femto second light pulses at 810nm from a Ti-Sapph regenerative amplifier is used, on the one hand, to 
pump an optical parametric amplifier (OPA)at a repetition rate of 1kHz, which then delivers 150 femto second 
pulses with tunable wavelengths. The other part of the 810nm pulses is used as a pump in the parametric 
amplifier gated detection set-up. The pulses from the OPA are sent into a Dazzler that shapes the pulses to give 
Fourier transform limited Gaussian pulses whose temporal pulse widths may be varied from 1 to 4 picoseconds. 
The wavelength may be varied from 1495 to 1565. After propagation through the PhC waveguide, one part of 
the signal is sent into a spectrometer and the other into the time “mapping” set-up where the femto-second pump 
pulses are time delayed with respect to the signal and thus maps accurately the temporal shape of the signal.  
 

 
Figure 2 depicts the linear delay that the 2.2ps  pulses undergo in propagating via the PhC waveguides. This 
delay is directly linked to the group indexgiving values for ng= 6.05, 6.08, 11.07 and 13.8 respectively for 
1525nm, 1530nm, 1535nm and 1540nm signal pulses. We then measured the temporal evolution of 2.2ps pulses 
as a function of the incident power for three wavelengths: 1525nm, 1530nm 1535nm and 1540nm. The four 
figures in the periphery of fig 2 depict the evolution of the pulse FWHM’s as a function of the incident power. 
Here it is seen that for 1525nm, 1530nm, 1535nm and 1540nm the formation of solitons is clearly takes place 
when the FWHM narrows down in width. For these parameters, when a 2.2ps pulses is launched onto the PHC 
waveguide the ‘soliton’ propagates without any distortion as is clearly shown by the direct measurement. 
Interestingly, for increasing power, the evolution of the FWHM shows the signal moving towards shorter delays 
showing a change in the vg as a function of the power. The pulses begin to accelerate. This corresponds to the 
bending of the band, which shifts the band to the region where the group velocity is higher.  

CONCLUSION 
We experimentally explored the effects of dispersion on picosecond pulse propagation in a 2DPhC line-defect 
waveguide by time domain measurements. The signal mapped by the parametric amplification showed the 

Figure 2 : Linear dispersion versus wavelength ; the peripheral plots are the pulse widths and 
the arrival time of the pulses at the output of the waveguide for increasing input pulse powers.  

1535nm 

1520nm 1530nm 

1540nm 
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formation of solitons for a specific wavelength corresponding to the exact cancellation of the GVD by self phase 
modulation for an input energy of the order of 20pJ. For high signal powers the photonic band is modified 
influencing the group velocity leading to an acceleration of the pulse propagation. This type of dispersion 
analysis is crucial because PhC waveguides exhibit large GVD effects due to the high confinement of the optical 
modes for short waveguide lengths as compared with conventional waveguides. The harnessing of this 
characteristic should, through controlled tailoring of the structure permit dispersion control, which could be 
applied to group delay lines, pulse shaping and dispersion compensation. 
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ABSTRACT 
We report the development of Zero Bias Schottky diode detectors based on quantum tunnelling through the 
narrow barrier of a sub-micrometric Au/Ti/n-GaAs junction. General device structure, physics and fabrication 
are discussed with particular attention to three-dimensional shaping of the junction geometry that provides an 
enhanced zero-bias tunnelling current, resulting in cut-off frequencies up to 0.55 THz, responsivity up to 200 
V/W and noise equivalent power better than 10-9 W/Hz0.5 without applied dc bias. An outlook on monolithic 
array and an alternative to the Silicon solid immersion lens approach. 
 
 
Keywords: Schottky diode, Terahertz, quasi-optical, Zero Bias detector, tunnelling probability, GaAs 

micromachining 
 
 

1. INTRODUCTION 

The Schottky diode is probably the most important microelectronic device for operation in the sub-millimeter 
waves and terahertz (THz) range because of is a fast and high responsivity detector, and both cryogenic and 
room temperature operations are allowed [1]. Microelectronic rectifiers based on Schottky diodes fabricated on 
epitaxial layers of III-V semiconductors like GaAs are commonly employed as square-law power detectors in 
millimeter wave integrated circuits working up to 100 GHz . The working principle is based on the assumption 
that the non-linearity of current-voltage (I-V) characteristics exploited for diode operation at dc-to-gigahertz 
frequencies is somehow preserved in the sub-millimeter waves, where the concepts of power coupling and transit 
time delay are more properly used instead of simple I-V curves. In classical models the square-law responsivity 
is inversely proportional to the dynamic resistance of the device. For these reasons, a good rectifier should 
display both highly nonlinear characteristics and low resistance at the bias point. 

In this paper, we introduce quasi-optical Schottky diodes without a dc bias,  based on quantum tunneling 
through a curved sub-micrometric Au/Ti/n-GaAs junction, fabricated with integrated antennas and we show that 
the three-dimensional shaping of deeply sub-micron junctions on very highly doped n-GaAs can result not only 
in a low Rs and Cj, but also in an enhanced zero-bias tunneling probability: the result is a  low values of Rd and 
nonlinear I-Vcharacteristics at i = 0. 

Over the measured range of 0.15 to 0.7 THz using a quasi-optical setup, noise equivalent power values 
between 1-5·10-10 W/Hz0.5 are achieved. 
The final application of these devices requires the construction of an array (linear array, focal plane array,...) 
with the aim of eliminate the high resistivity Silicon lens and illuminate the array from the free-space side, so we 
started to investigate substrate removal to couple the radiation and the device without the Silicon lens. 
 

2. DEVICE FABRICATION AND PHYSICS 
Our process is fully planar and very reproducible, in order to fabricate monolithic matrixes of radiation 

detectors which could then be used to acquire real-time terahertz images in a focal plane array configuration (see 
Fig.1). Starting from highly doped MBE-grown n/n+ epitaxial layers (100 nm with Nd = 1·1018 cm-3on top of 
1000 nm with Nd= 5·1018 cm-3 and semi-insulating substrate,from IQE Inc.), we have fabricated two types of 
diodes: standard Schottky diodes and ZBDs. As shown in the scanning-electron micrographs of Fig. 1, in both 
cases the sub-micrometric Schottky junction is achieved by contacting the GaAs surface with the extremity of a 
free-standing metal bridge[2, 3]. To cut parasitic capacitances, deep mesa isolation was performed between 
anode and cathode pads, then working as the arms of a planar antenna. The difference between the two types of 
devices lies only in the three-dimensional geometry of the sub-micron metal-semiconductor junction, which 
actually allowed us to tune the Schottky barrier thickness and hence the tunneling probability. 

In Schottky junctions with high doping levels (Nd  ≥ 1018 cm-3 for GaAs) the dominant transport mechanism is 
the thermionic field emission (TFE) of electrons thermally excited close to the top of the barrier, where the 
tunneling probability is high. For thinner barriers, the enhanced tunneling probability at all energy levels of the 
barrier leads to lower nonlinear coefficents and Rd’s . For zero-bias rectification at THz frequencies, a low value 
of Rd  at i = 0 is crucial, because it defines the cutoff frequency of the rectifier fci, which is derived by calculating 
the radiation power absorbed at the junction[4]: 
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If we take the parasitic Rs ~ 20 Ω (a typical value for submicron epitaxial n-GaAs diodes) and Cj= 1 fF, zero-bias 
rectification at THz frequencies requires  Rd< 100 kΩ at most. For standard diodes with sub-micron area, Rd>1 
GΩ at zero bias, therefore fci << fc and the diode needs to be dc forward-biased to work as THz rectifier[5]. As 
we now explain, we have obtained ZBDs with anode area of 0.4 µm2 and minimum Rd values at i = 0 around 100 
kΩ through a modification of the standard flat-junction geometry, resulting in a thinner Schottky barrier. 

Using the Electron Beam Lithography we have developed a trilayer resist polymer process to obtain a “T-
section” anode of 200 nm, while the lenght is variable from 2 to 10 µm. When  the metal Schottky contact is 
evaporated  (30 nm Ti and 400 nm Au on n-GaAs) the wafer is first dipped in a NH4OH:H2O2 solution to 
provide the surface cleaning in order to eliminate the presence of oxide.  In this step, approximately 10 to 30 nm 
of GaAs are anisotropically removed from the area where the junction is to be formed. The additional etching 
step in NH4OH:H2O2 results in a very different behavior of the dc characteristics : standard diodes display the 
typical exponential behavior (not etched with NH4OH:H2O2 solution), while ZBDs display quasi-ohmic I-
Vcharacteristics around the zero-bias point, which are still non-linear at any V, including V=0. Since the doping 
level is the same (Nd = 1·1018 cm-3), the reduced value of Rd at i = 0 in our ZBDs is due to a reduced barrier 
thickness caused by an increased peak electric field Emax in the ZBD junction. Fig. 2a-b shows the section, 
obtained by Focussed Ion Beam (FEI Helios nanolab 600), of typical “T-shaped” anodes: the anode in Fig. 2a is 
from a standard diode, while the anode in Fig. 2b is from a ZBD. By careful inspection of the junction profile 
(the footprint of the “T”) one sees that the standard junction is perfectly flat, while in the ZBD it presents a 
curvature radius rj of about 20 to 50 nm along the short side (0.2 µm long) of the rectangular footprint. By 
further sectioning the same anode, we have found that the profile is roughly conserved along the full anode 
length, resulting in a cylindrical junction profile for the ZBDs. Curved junctions develop a higher Emax, since a 
larger volume of the semiconductor is crossed by the field lines and hence is depleted, resulting in an increase of 
the total tunneling probability by more than one order of magnitude if compared to the flat junction and hence in 
a strong decrease of Rd, as demostrated by our calculation summarized in Fig. 2c and Fig. 2d.  
 

3. DEVICE PERFORMANCE 
To demonstrate the functionality of our ZBDs as THz rectifiers, we have determined their cutoff frequency by 

irradiating the devices with free-space beams of variable THz frequency f. Selected dies containing one device 
are mounted in a quasi-optical package, which includes a hyper-hemispherical silicon lens pressed on the back of 
the diode chip by a teflon spring. The performances at terahertz frequencies (directivity and noise equivalent 
power) of the lens-coupled detector were measured by a free-space-coupled 0.2-0.7 THz radiation source (by 
Virginia Diodes Inc.) based on a frequency multiplier chain starting from a 8-20 GHz radiation produced from a 
YIG oscillator: the Voltage Controlled Oscillator (VCO) was amplitude-modulated (AM) up to 10 kHz, and the 
radiation was emitted in free-space by horn antennas, collected and refocused onto the detector lens by a pair of  
90° off-axis parabolic mirrors. 
  The optical responsivity at zero bias β0(f) is plotted in Fig. 3 for one ZBD with area SA = 0.2x10 μm2 (red line, 
diode A) and one with area SB= 0.2×2.0 μm2 (blue line, diode B). At a first inspection, diode A displays fci ~ 0.22 
THz, while the smaller diode B has fci around 0.5 THz. The Noise Equivalent Power (NEP) of the ZBDs was 
calculated by dividing the measured noise of 40 nV/Hz0.5 by β0 (ZBD noise spectra as a function of readout 
frequency are reported in the inset). The NEP of diode B at f = 0.55 THz is 5·10-10 W/Hz0.5, better thanwhat 
obtained with our standard Schottky detectors dc-biased at i =10 µA (NEP ∼ 10-8 W/Hz0.5 with AM at 330 Hz).  
 

4. FUTURE IMPROVEMENT: MICROMACHINING 
In antenna coupled terahertz rectifiers based on Schottky diodes the radiation is fed to the antenna either by a 

waveguide (narrow band operation) or by a silicon substrate lens centered on the backside of the detector chip 
(broadband operation). Both these approaches, however, are clearly single-pixel-oriented, since each diode 
requires one waveguide or one lens. For imaging applications  integrated arrays are to be developed, and 
different solution must be sought for radiation coupling to each pixel, since guided substrate modes cause the 
cross-talking among different pixels of an integrated array[6]. 
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The first solution is to realize pyramidal horn antenna by using the Silicon micromachining process by means of 
wet anisotropic etching. The antenna array and the cavity array will be fabricated on silicon wafer and then paste 
together with GaAs Schottky Diode array wafer (see Fig.4a). 
The second and more interesting solution is to inhibits the propagation of substrate modes (optical cross-talking) 
by locally remove the substrate below the diode; different antenna geometries require different solution so we 
can fabricate suspended bridge for bow-tie and dipole antenna pixel or we can dig a trench around the pixel for 
log-periodic antenna pixel (see Fig.4b, 4c). 
 

5. CONCLUSION 
In conclusion, we have studied sub-micron n-GaAs Schottky diodes displaying enhanced tunneling current at 
zero-bias, due to a three-dimensional curvature of the junction, and we have investigated the detection properties 
in the range 0.15-0.7 THz obtaining a good sensitivity level (NEP < 10-9 W/Hz0.5 at 0.55 THz). 
The goal of the development of a diode array structure not coupled to the radiation through a high resistivity 
silicon lens is to achieve the same good sensitivity level, and work is ongoing.  
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FIG. 1. SEM picture of a Terahertz Schottky diode fabricated at IFN-CNR;inset: Monolithic Schottky Diode Array. 
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FIG. 3. Experimental determination of the zero-bias 
video responsivity β0(f) of two ZBD diodes with a 
quasi-optical setup and a tunable electronic oscillator 
as the radiation source. Dashed lines are guides to the 
eye for cutoff frequency evaluation. Inset: noise 
spectra of a ZBD in the 2 Hz -100 kHz range 
measured at zero bias and for two dc current bias 
values. 
 
 
 

 

 

 

 
 
FIG. 4. (a) Pyramidal horn antenna and cavity array realized 
on Silicon wafer. Array pixel realized with (b) suspended 
bridge and (c) trench structure. 
 
 
  

FIG.  2. Section of the anodes realized by focussed ion-
beam (a): standard diode. (b): zero-bias detector. Note the 
junction curvature in (b): the white dotted line roughly 
represents the depletion region boundary. (c) Electric 
field and (d) potential energy as a function of distance r  
from the junction of a cylindrical Au/Ti/n-GaAs Schottky 
junction with Nd =1018 cm-3 for two values of the 
curvature radius rj, for the flat-junction (thin green line) 
and in the triangular-barrier approximation (dot-dashed 
line). (e) Schematic section of the T-shaped anode and (f) 
sketch of the entire air-bridge Schottky diode. The shaded 
areas in (e) and (f) represent the cylindrical depletion 
region of the model used for the calculations in (c) and 
(d). 
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In the material science research field, there is still an open developing area dedicated to the photomaterials. 
There is a requirement for the designing, synthesis, characterization and development of recording materials 
exhibiting high dynamic range, high photosensitivity, and excellent optical quality. Moreover, other necessary 
properties such a slow scattering, thermal stability, low laser damage threshold, low aging factor and 
dimensional stability may fulfil the main requirements for a wide range of applications. Indeed, this is a 
challenging achievement to be applied for the purpose of the progress in holographic technologies. 
The fulfilment of these requirements shown by photopolymerizable materials has generated an important focus 
of attention on this family of holographic composites. As a result of the investigation in these materials, the 
Interdisciplinary Group for Optical Computing (GICO‐ UCM) has developed in the last decade a new 
generation of photomaterials [1‐2]. 
The so named photopolymerizable glasses developed withsol‐gel techniques were first introduced in 1996 by 
Cheben et al.[3]. The high performances of this new generation of photomaterials define promising applications 
for the purpose of holographic and photonic devices. However, some challenges are still open and need to be 
afforded to assure the expected fulfillment.  
We present a critical review of the most significant achievement sand future developments. 
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ABSTRACT 
The paper briefly illustrates a few results obtained by simulating lasers and amplifiers based on rare earth doped  
glasses. Three kinds/configurations of optical couplers have been optimized and compared to highlight the 
different design strategies which can be followed to enhance the pump absorption in the rare earth doped core of 
microstructured fiber lasers, by employing  suitable cascade of multiple long-period gratings (MLPGs) inscribed 
in the fiber core region. Moreover, the design of novel chalcogenide glass amplifier, in microsphere 
configuration, allowing Mid-IR emission, is reported. 
 
Keywords: modelling, laser, grating,  microsphere, optical characterization. 
 

1. INTRODUCTION 
Fiber lasers enable the construction of compact optical sources, minimizing the cooling system requirements. 
Their output signal exhibits high beam quality even at high powers and permits the application of the beam 
combining technique for high energy exploitations. The design flexibility allowed by microstructured optical 
fibers (MOFs) has accelerated the development of novel fiber lasers, exhibiting ever increasing  performance, 
e.g. in terms of beam quality, peak power, slope efficiency. The employment of suitable long period grating, 
accurately designed, can further enhance the laser characteristics.Long period gratings (LPGs) have been 
exploited in many intriguing applications, e.g. filters, gain flatteners, dispersion compensators, sensors, etc. They 
can be inscribed not only in conventional fibers but even in MOFs [1-10]. 
 LPGs for enhancement of pump absorption in rare earth doped MOF were investigated by the authors in [11-
13]. These investigations were focused to obtain efficient high power lasers by minimizing the nonlinear effects 
and thermal load. 
 A completely different approach is required if low threshold lasers are needed. Optical processes in 
microcavities constitute a very interesting and alternative research area with feasible applications in optical 
sensing, distributed lasing, low threshold lasers. In particular, microspheres attract much interest  for the strong 
confinement of the light into high-refractive-index contrast structures. They allow the construction of compact 
optical light sources, wavelength filters, optical add-drop devices, optical switches. Also in this case an accurate 
design, of both the microsphere and the coupled waveguide, can strongly enhance the device behavior. 

The paper illustrates the main simulation results obtained  in both cases: i) the design of multiple long period 
gratings to enhance the pump coupling in MOF lasers, ii) the design of Er3+ doped chalcogenide microsphere for 
Mid-IR amplification. 

2. DESIGN OF MLPG COUPLERS 
Intriguing optical couplers have been designed to enhance the performance of an ytterbium doped, double 
cladding (DC), microstructured optical fiber (MOF) laser. These couplers are obtained via a cascade of multiple 
long-period gratings (MLPGs) inscribed in the fiber core region. More precisely, the characteristics of the MLPG 
couplers have been simulated via an home-made computer code based on both rate equations (RE) and an 
extended coupled mode theory (CMT).  
 The designed MPLGs enable the interaction, at the pump wavelength, among the fundamental mode guided in 
the fiber core (HE11) and the inner cladding modes. The following kinds of couplers have been investigated: a) 
MLPGs-P, Multiple Long Period Gratings in Passive fibers, i.e. grating cascades inscribed in the undoped 
region, just outside the laser cavity, b) MLPGs-A, Multiple Long Period Gratings in Active fibers, obtained by a 
grating cascades inscribed within the laser cavity; c) DS-MLPGs, Double Stage Multiple Long Period Gratings, 
obtained by a combination of  passive grating cascades, inscribed outside the laser cavity, and active ones, 
inscribed within the laser cavity.The pump and signal wavelengths are λp= 976 nm and λs =1060 nm, 
respectively. The MOF optical and geometrical parameters are reported in [11-13]. Other parameters are the 
ytterbium ion concentration NYb=5×1025 ions/m3, the input mirror reflectivity  R1= 0.99,the output mirror 
reflectivity R2=0.06,the core refractive index nc and the cladding refractive ncl at the pump λp and signal λs 
wavelengths, nc(λp)= 1.45172, nc(λs)= 1.45067, ncl(λp)= 1.45072, ncl(λs)= 1.44967. 
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Figure 1. Comparison between the MOF laser without the coupler and with theDS-MLPGs 

   
The pump power considered in the simulations is Pp = 1 W. The three kinds of couplers have been optimized 
from the point of the grating lengths and periods [11-13]. The couplers have been optimized by following the 
design strategy as in [11-13].  
 The simulations indicate that, MLPGs-P cascade before the laser is the most efficient coupler. MLPGs-A 
inscribed entirely within the laser cavity allows a gradual pump absorption and a minimization of nonlinear 
effects.  Figure 1. illustrates the comparison between the MOF laser without the coupler and with theDS-MLPGs 
one. The DS-MLPGs coupler exhibits an intermediate behavior between MLPGs-P and MLPGs-A, it allows the 
simultaneous enhancement of pump absorption by Yb3+ ions and the coupling of the cladding modes with the 
fundamental one at the pump wavelength. These interactions, permit to avoid the deleterious steep increasing of 
the pump power into the core which could induce strong local heating at the input cavity section. A proper 
design allows the increasing of the MOF laser output power up to 20 %. 

3. DESIGN OF CHALCOGENIDE MICROSPHERES 
An optical amplifier constituted by a tapered fibre and an Er3+-doped chalcogenide microsphere has been 

investigated/designed via an ad-hoc developed 3D numerical model based on CMT and solving the rate 
equations. The electromagnetic analysis of the microsphere has been performed by finding the solution of the 
scalar Helmholtz equation in spherical coordinates. By imposing the continuity of the tangential components of 
electric and magnetic fields at the sphere boundary the characteristic equation is written [14]: 
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R0 is the sphere radius, k=2π/λis the wave number, βl  is the l-th order propagation constant, αs is the constant 
describing the evanescent field decay from the microsphere along the radial direction, n0 is the background 
refractive index of the medium,ns is the microsphere refractive index of the medium Jl is the spherical Bessel 
function of the l-th order.  

The main transitions among the erbium energy levels, the amplified spontaneous emission and most important 
secondary transitions pertaining to the ion–ion interactions have been considered. The taper angle of the optical 
fiber and the fiber-microsphere gap have been designed to efficiently couple both pump and signal beams and to 
improve their overlapping with the rare earth doped region.  
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The feasibility of a microsphere amplifiers of Ga5Ge20Sb10S65 chalcogenide glass has been investigated for 
operation in the mid-IR wavelength range. In order to perform a realistic design, the simulations have been 
carried out by taking into account the actual refractive index wavelength dispersion and the actual spectroscopic 
parameters pertaining to erbium ions [15]. Due to the dense optical spectrum of WGMs, quite small 
microspheres have been considered. The pump wavelength is λp=0.98 µm and the signal one is λs=2.7 µm. The 
device performance has been simulated by changing the fiber-microsphere gap, the thickness of erbium doped 
region, the fiber taper angle, the erbium concentration and operative parameters such as pump and signal power.  

 The undoped microspherewith radius R=25 µm is coupled with the tapered fiber. Different values of g have 
been chosen to obtain the critical coupling condition at both wavelengths. The fibre taper has been designed in 
order to allow the fundamental mode propagation. The considered waist radius and tapered angle are a0=700 nm 
and δ=0.03 rad, respectively. 

Fig. 2 illustrates the signal transmittance versus the signal power for different erbium concentration NEr=0.1. 
0.3, 0.5 [w%] and for the pump power Pp=100 mW, g=560 nm, thickness of doped region S = 3µm. Signal 
amplification can be obtained for input pump powers higher than 80 mW, and in the small signal operation 
maximum optical gain of about 7-8 dB has been calculated. 

The performed simulations indicate that the proposed Er3+-doped microspheres could be good candidates for an 
efficient frequency-selective amplification system, to be employed for compensating signal attenuation and for 
obtaining compact integration of the active optical devices. The simulation results highlight that this scheme 
could be useful to develop high efficiency and compact Mid-IR amplifiers. 

 
 
 
 

 
 

Figure 2. Transmittance versus the signal power for different erbium concentration 
 

4. CONCLUSIONS 
The main  modelling results pertaining to two different cases, high power laser and low threshold one, are briefly 
reported. In the former case, three kinds of multiple long-period grating MLPGs couplers have been designed to 
enhance the high power MOF laser. MLPGs-P is the most efficient coupler, MLPGs-A allows a gradual pump 
absorption and is suitable for minimizing of nonlinear effects. The DS-MLPGs coupler exhibits an intermediate 
behaviour. These couplers allow an improvement of the laser performance or a strong reduction of the laser fiber 
length to parity of output power while to length parity, MLPGs allow to increase the MOF laser output power up 
to 20 %. Moreover, an Er3+-doped chalcogenide microsphere amplifier evanescently coupled with a tapered 
optical fiber has been designed. The device performance has been investigated by changing the fiber-
microsphere gap, thickness of erbium doped region, fiber taper angle, erbium concentration and operative 
parameters such as pump and signal power. In the small signal operation maximum optical gain of about 7 dB 
has been calculated. This  indicates that the proposed Er3+-doped microspheres could become good candidate 
devices to compensate signal attenuation in compact integration of complex optical systems. 
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ABSTRACT 
In this paper we investigate the cross relaxation parameter of Tm3+ ions in tellurite glasses over a wide range 

of concentrations: from 0.36 mol% up to 10 mol%. We propose a new measurement approach based on 
monitoring the steady-state emission spectra. The proposed method is very simple and allows to measure even 
very highly doped samples. The cross-relaxation parameter shows a linear dependence with respect to dopant 
concentration over the full investigated interval and the measured slope is 1.81x10-17 cm3 s-1 mol%-1. The linear 
dependence suggests a dipole-dipole interaction.  
 
Keywords: Rare-earth, Cross-relaxation, fibre laser, Thulium, laser modelling 

 
1. INTRODUCTION 
Thulium laser is an excellent candidate for infrared domain applications thanks to its broad emission spectrum at 
around 1.8 micron [1]. This makes this kind of laser very appealing for several application ranging from precise 
cut and ablation of biological tissues to LIDAR and sensing applications [2-5]. A further advantage relies on  
pumping process where cross-relaxation mechanism produce two exited Tm ions out of one pump photon 
absorbed [6]. For this reason the knowledge of cross-relaxation mechanism is of the outmost importance to 
properly model and design the laser. So far several methods have been proposed to measure the cross-relaxation 
parameter, usually based on lifetime measurements [7,8] but also on numerical fitting of fluorescence dynamic 
versus pump power [9]. In all cases was not possible to define the value of cross-relaxation parameter over a 
wide range of Tm concentration due to the fact that for very high doping level the pump level is strongly 
quenched by cross-relaxation and fast detectors are needed. In this paper we investigate the cross-relaxation 
parameter over a wide range of the doping level up to 10 mol%. To overcome limitation of previous 
measurement methods we suggests a new method to calculate the cross-relaxation parameters based on steady-
state fluorescence measurement. The investigation was done using a set of sample of Tm-doped tellurite glasses. 
The choice of this glass host was based on the facts they have the lowest phonon energies (~ 750 cm-1) of all 
oxides glasses, which lead to increase in optical efficiency and decrease in probability of non-radiative 
multiphonon decay as well as an excellent rare earth ions solubility comparing with silicate and germinate 
glasses. The above advantages explains why Tm-doped tellurite glass fibre lasers are of a great interest [10-12].  

2. THEORETICAL MODELLING 
Tm has a quite complex system of energy levels [9] but we can consider empty the 3H5 level due to non radiative 
fast relaxation to 3F4 without losing in model accuracy. The corresponding rate-equation system used to analyze 
our experimental data is:  

0 3 1
03 0 3 0

30 1
R

dN N NW N C N N
dt τ τ

= − + + −                                            (1) 

3 11
3 0

31 1

2 R
N NdN C N N

dt τ τ
= − +                             (2) 

  3 3 3
03 0 3 0

30 31
R

dN N NW N C N N
dt τ τ

= − − −         (3) 
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where N0, N1, and N3 are the populations of Tm3+ ions in the 3H6, 3F4, and 3H4 levels respectively, W03 is the 
pump rate (s-1) and CR the cross relaxation parameter, τxy is the lifetime of the x to y transition and τx is the 
lifetime of level x. Note that τ3=(τ31

-1+τ30
-1)-1. The CR parameter is a function of the Tm doping level. At steady 

state the time derivatives in the rate equations are equal to zero. Considering the conservation law of Tm3+ ions 
populations, we can also write Nt = N0 + N1 + N3. The methods based on fluorescence lifetime measurements 
[7,8] uses equation 3 and calculate the cross-relaxation parameter from level 3 lifetime quenching. However 
lifetime values falls below 1 µm for highly-doped samples and measurements of low level signals is difficult. To 
overcome the limitation of previous methods we propose to investigate the steady-state emission from 3H4 and 
the 3F4 levels. In steady-state condition from Eq. 2 follows: 

1

0 31 3 1

1 1
2R

NC
N Nτ τ

 
= − + 

 
     (4) 

The ratio between the population of level 1 and 3 can be rearranged by using the Fuchtbauer-Landenburg rule 
[13] and the relationship that provides the amount of the spontaneous emission [14]. A final form was found: 

[ ]
0 31

1 1
2RC kR

N τ
= −      (5) 

where R is the ratio of the emission spectra from and ‘k’ contains all other experimental constant. In our case  k 
value was 1.33. 

 

3. RESULTS 
All samples hadthe same host composition 75TeO2-20ZnO-5Na2O (mol%), labeled as TZN, and were doped 
with Tm3+ concentrations ranging from 0.36 mol% to 10 mol% [15,16]. We measured all relevant lifetime 
parameters by investigation the lowest doping level samples. To calculate the ratio R we excited Tm samples at 
the wavelength of 785 nm and we observed the emission from the two transition bands centered at 1.47 and 1.8 
µm, which corresponding to 3H4 → 3F4 and 3F4 → 3H6 respectively. Results are shown in Fig. 1 where we 
normalized all curves to the peak of 3H4 → 3F4 transition at 1.47 µm.  

 
 

Figure 1.Emission spectra, inset magnifies the of 3H4 → 3F4 transition at 1.47 µm. 
 
Figure 2 shows the cross-relaxation parameter values calculated by using Eq. 5. We can note a quite clear linear 
increase even for highest doped samples where, however the slope is slightly reduced. 

 
Figure 2. Cross-relaxation parameter versus Tm concentration. 
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From the experimental data the fitted CR is 1.81x10-17 cm3 s-1 %mol-1 is obtained. While this value is below 
the one previously reported in TZN glass [9] it is consisted with the one used for silica fiber modeling [17]. The 
observed linear dependence on concentration of the cross-relaxation parameter can be explained with the 
behavior of the concentration quenching of the lifetimes, as predicted by Auzel in the framework of dipole-
dipole interaction processes [18]. We believe that the data here reported will be useful to model and design laser 
in TZN glasses. This measurement method can be easily extended to other type of glasses.  

 

4. CONCLUSIONS 
A new and simple approach based on the emission spectra measurements was developed to investigate cross-
relaxation parameter in Tm-doped samples with very high doping levels. Thanks to this new method we were 
able to experimentally calculate the cross relaxation parameter of Tm3+ ions in tellurite glasses over a wide 
range of concentrations. This approach demonstrated to be very sensitive and can be used to investigate other 
kind of Tm-doped glasses. The obtained values of cross-relaxation show a linear dependence with dopant 
concentration and value of the linear fit slope was 1.81x10-17 cm-3 s-1 %mol-1. The knowledge of this value 
allows a proper modelling of Tm-doped tellurite glass laser by properly comparing the impact of different 
doping level.  
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ABSTRACT 
We report the results of research carried out by the present international consortium within the OXYNANOSEN 
project  funded under the European ERANET-Matera programme. The main result is demonstration of the effect 
of oxygen content in gas mixtures on luminescence of nanocrystalline zirconia doped up to 8 mol.% with Eu3+ 

ions. The effect is stable and reproducible in terms of the correlation between oxygen content and luminescence 
of the nanocrystalline material. The effect of excitation light energy, phase composition of nano-zirconia, testing 
time, and influence of auxiliary gasses (Argon, CO2, water vapour) on luminescence will be presented. A 
plausible mechanism of the effect will be discussed, as well as application of the material in oxygen sensors.  
 
Keywords: zirconia nanoparticles, Europium doping, luminescence, oxygen, sensor 

1. INTRODUCTION 

Measurements of the oxygen amount is important in such applications as exhaust gases of car engines, control of 
technological processes, control of the oxygen level in glasshouses, optimization of combustion processes, in-
metallurgy and other. Well known are sensors based on a change of electrical conductivity of zirconia contacting 
gas atmosphere with variable oxygen content (lambda sensor). They request electrical contacts to be connected 
with the material, and itself being heated to temperatures permitting active ionic conductivity, i.e., several 
hundred K. There are optical oxygen sensors based on luminescence changes in dye-containing membranes, such 
as a porphyrin dye, embedded in a polymeric membrane or quantum dots. However optical luminescence oxygen 
sensors based on inorganic materials were not, to the best authors knowledge, known [1]. However, an optical 
oxygen sensor based on inorganic sensor material would offer several advantages, such as simplicity of 
construction, avoiding electrical connections and contacts, and wide range of operating temperatures and 
chemical stability. In the paper we review the results of investigations of zirconia nanoparticles doped with 
europium ions as sensor material. The research was carried out by the present international consortium and was 
funded by ERANET – Matera program within the OXYNANOSEN project. 

2. RESULTS 
Fig.1. shows the luminescence dependence on oxygen content in the atmosphere surrounding the sample in 
oxygen nitrogen atmosphere. The luminescent material is nanocrystalline zirconia doped with 8 mol% of Eu3+ 
ions. The effect was obsereved in the temperature range 20-350oC  The amplitude of the effect decreases with 
decreasing specific surface of the material, which occurs when the powder is annealed and the grain size 
increases from 10 to 100 nm. It increases also with increasing Eu content from 0.5 to about 5 mol.%. The effect 
of adding CO2 causes only weak changes in the observed effects, contrary to the effect of water vapours, which 
cause luminescence quenching. Theoretical considerations and experimental data [2] lead to the conclusion, that 
the observed luminescence intensity decrease as the oxygen content increase is connected with change of 
surrounding of Eu ions. A decrease of symmetry when an oxygen ion is missing in the Eu atomic neighbourhood 
leads to increased probability of optical transitions between the excited Eu electronic levels. The effect is 
characteristic for a nanocrystalline material, where the contribution of Eu ions situated in the surface layers, 
where oxygen content can change even at room temperature, to luminescence is measurable and substantial.  
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Fig. 1. Effect of O2 content in nitrogen atmosphere on the luminescence signal. Excitation with LED light at 250 

nm. Luminescence L-T is the integral of the luminescence spectrum from 600 to 700 nm with subtracted 
background. P-T is the integrated background level. 

 

3. CONCLUSIONS 
Eu3* ions doped nano crystalline zirconia is a prospective material for an optical oxygen sensor operating in the 
temperature range up to 350oC  
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ABSTRACT 
Models based on kinetic equations and beam propagation method are proposed for simulation of the all-optical 

poling. These models take into account the overall balance of molecules in cis - trans states and spatial the 
distribution of induced second order nonlinearities in azo-polymers. We demonstratethatrelaxationkinetics of all-
opticalpolingcanbe characterized byshort – and long – time relaxation. The long time relaxationisfullydescribed 
by orientational diffusioncoefficientof transisomer. The short timerelaxationdepends on the conditions ofmicro-
texturegratingwritingand is mainlycaused by the relaxation of cisisomer and parameters for the reorientation 
probabilities.We find out that the spatial localization and depletion of photo induced second order nonlinearities 
can be achieved for the all-optical poling by the focused 3D polychromatic Gaussian beams. 
 
Keywords: all-optical poling, azo-polymers, azophenylcarbazole, relaxation kinetics, spatial localization, beam 

propagation method 
 

1. INTRODUCTION 
Photoinduced optical manipulation by optical poling of azo-dye polymers is carried out by inducing the second 
order nonlinearities by means of polychromatic interference of first and second harmonic waves [1]. The optical 
poling of azo-dyes in the polymer matrix is going through so-called reorientational hole burning and molecular 
reorientation mechanisms. This is a complex mechanism consisting of three parts: photo excitation of azo-dye 
and isomerization of trans to cis state, cis state relaxation back to trans state and molecular thermal induced 
orientational diffusion [2, 3]. The orientation hole burning is followed by a reversible trans-cis-trans 
isomerization process, which drives optical orientation motion, finally leading to a net permanent molecular 
polar order. In contrast to the DC electric field poling, optical poling does not need to use electrodes or corona 
discharge. It can be carried out at room temperature and automatically produces quasi-phase-matched second 
order susceptibility micro-pattern for generation of the second harmonic. 

In this paper, a theory based on phenomenological kinetic equations and 3D beam propagation method (BPM) 
are proposed for the all-optical poling. The obtained theoretical results qualitatively well coincide with 
experimental results on all-optical poling kinetics of azophenylcarbazole type azo-dyes in polycarbonate 
polymer matrix. In the BPM model of photo induced optical manipulation, two coupled Fresnel equations are 
used to describe first and second harmonic waves in 3D polymer layer with induced second order nonlinear 
micro-grating patternby all-optical poling. The BPM equations are solved by finite differences, using Crank-
Nicholson difference schemes with ADI (alternating direction implicit) algorithm and transparent boundary 
condition (TBC) capable of handling wave propagation in the infinite space. The focused 3D polychromatic 
beams have been used. This model also takes into account optical poling specifics related to the orientational 
hole burning mechanisms. It was shown that it is possible to achieve spatial localization and depletion of photo 
induced second order susceptibility χ(2). 

 

2. MODELING OF KINETICS 
The phenomenological kinetic equations for the all-optical poling model were proposed by J.-M. Nunzi [1], 
where only the trans state of azo-dye was taken into consideration in the optical poling process. Later, this model 
has been improved by including into the overall balance of kinetics the molecules in cis-state [2]. Our 
simulations are based on this more general model. We obtained infinite system of coupled differential equations 
for order parameters TjandCj, which define 1D all-optical poling model [4, 5]. This system was truncated to 10 
equation system and solved for case of CW laser excitation. It is assumed that before poling process, all azo-dye 
molecules are in unexcited state (trans state) and oriented isotropically. The parameters necessary for modeling 
of optical poling are found out by fitting close to real parameters of materials used for optical poling experiments 
[4, 5]. The best fit obtained by theoretical modeling of the measured relaxation of induced second harmonic 
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generation in the "dark" regime is presented in the Fig.1 for azo phenylcarbazole V-628 dispersed in 
polycarbonate polymer matrix. Parameters are used for modeling: single photon excitation rate 4*10-5 s-1, two 
photon excitation rate 2*10-3 s-1, azo-dye orientational diffusion coefficient 4*10-5 s-1 and cis isomer relaxation 
time 167s.  
 

 

Figure 1. Amplitude of generated second harmonic in phenylcarbazole V-628 versus seeding and reading time in 
all-optical poling process. Curve with dots corresponds to theoretical modelling, triangles - to experimental 

results. 

 

It is shownthattherelaxationkinetics of opticalpolingcanbe characterized byshort – and long – time relaxation. 
The long time relaxationisfullydescribed by diffusioncoefficientDt forthe transisomer. The short 
timerelaxationdepends on the conditions ofmicro-texturegratingwritingand is mainlycaused by the relaxation 
ofthe cisisomer and parameters for reorientation probabilities. 
 

3. SPATIALLY RESOLVED MODEL 
The beam propagation method is an approximation technique for simulation of propagation of light in slowly 
varying optical waveguides. BPM has several key advantages. Besides its effectiveness, the BPM is a quick and 
easy method of solving for fields in integrated optical devices. It has also been extended to be applicable to 
analyze: polarization, nonlinearity, nonparaxiality, reflections and other physical phenomena. 

Two coupled 3D Fresnel equations are used to describe first and second harmonic waves in polymer layer with 
second order susceptibility ),,()2( zyxχ  micro-grating pattern: 

 

 ( )( ) ( ) zjeEEzyxkEnzyxnk
y
E

x
E

z
Enjk β

ωωωωω
ωωω

ω χ ∆−∗∗+−+
∂

∂
+

∂
∂

=
∂

∂
2

)2(2
0

2
0

22
02

2

2

2

00 ,,,,2  (1) 

( )( ) ( ) zjeEEzyxkEnzyxnk
y
E

x
E

z
Enjk β

ωωωωω
ωωω

ω χ ∆+−+
∂

∂
+

∂
∂

=
∂

∂ ,,,,44 )2(2
02

2
02

2
2

2
02

2
2

2
2

2
2

020
,
 (2) 

 

where 
c

kk ω
ω ==0

, 1−=j , ( )00202 ωωβ nnk −=∆  is phase matching mismatch (determines quasi phase 

matching(QPM) grating period), 0ωn  and 02ωn  are the refractive indices of first and second harmonic waves. 
Induced second-order nonlinear susceptibility is described as follows: 
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where ωω φφφ 22 −=∆  - phase difference between polychromatic beams, ωα 2 is the second harmonic 
absorption coefficient and induced effective nonlinear susceptibility: 
 

 )Re(),,(),,( *
2

2)3()2(
ωωχχ EEzyxzyx effeff =  (4) 

 
and equation (4) means that generation of quasi  static electric field is presented by rectification effect [6]. 

The above system ofequation (1) and (2) concern so called BPM model of electromagnetic optical poling. 
Equations are solved by finite difference BPM , using the Crank-Nicholson difference schemes with ADI 
(alternating direction implicit) algorithm. A transparent boundary condition (TBC) capable of handling wave 
propagation in the infinite space is incorporated in the finite difference algorithm.  

 

 
 ZY plane XY plane for z=0.7mm 

(a) 

 
 ZY plane XY plane for z=0.7mm 

(b) 

Figure 2. Distribution of induced χ(2) by focused Gaussian beams in ZY and XY planes. (a) - spatial localization 
of induced χ(2), (b) - spatial depletion of induced χ(2). 

 

3D optical poling results (induced )2(χ  distribution) by two focused polychromatic Gaussian beams are show in 

Fig. 2, where 2223)3( /10*8.1 Vm−=χ ,with the spot size of beams of 20μm and the focus position of 

1.33mm. As shown in Fig. 2a, we get localization effect of induced )2(χ . During this work 3D optical poling 
BPM model for focused polychromatic beams has been modified to take into account all-optical poling specifics 
related to the orientational hole burning mechanisms. Furthermore, it was shown, that it is possible now to 
achieve spatial depletion of induced )2(χ (Fig. 2b).  
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4. CONCLUSIONS 
The kinetic parameters for azophenylcarbazoles are extracted from experimental data using theoretical model. It 
is shown that large dye molecules have highest poling efficiency and less branched dye structures have higher 
photoinduced erasure during reading of poled media. It is shown that relaxation kinetics of azo-dye molecules in 
polymers can be described by two characteristic time intervals: in short term – by writing conditions, relaxation 
rate of cis isomer and reorientation probability, in long term – by the transisomer orientational diffusion.3D 
BPM optical poling model for focused polychromatic beams was developed. It was also shown thatspatial 
localization and depletion of induced χ(2) in azo-polymers is possible to achieve. 
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ABSTRACT 
In this paper, the fabrication and optical assessment of an all-solid tellurite glass photonic crystal fibre is 
discussed. The manufacturing process via a preform drawing approach and the characterization process is 
described and discussed. The fibre exhibits some minor morphological deformations which do not impair the 
observed optical confinement by bandgap effect within the fibre. The experimental fibre attenuation spectrum 
displays clear bandgap confinement regions whose positions are confirmed by modelling the fibre properties 
using a semi-analytical method similar to the ARROW model. The combination of PBF structures with the 
particular optical properties of tellurite glasses can lead to the development of optical components with non-
conventional characteristics, especially those where chromatic dispersion can be critical. 

 
Keywords: All-solid photonic crystal fibre, tellurite glass, band structure modelling. 

1. INTRODUCTION 
Photonic bandgap fibres (PBF) present some unique properties that have attracted interest for their application in 
several fields [1]. Among them, wavelength filtering, chromatic dispersion control, sensing and nonlinear 
applications have been already demonstrated and it is expected to have an enhanced application prospect in the 
near future [2, 3].    

Currently, hollow core photonic bandgap fibres (HC-PBF) made from silica glass have been a hot research 
topic. However, this type of structure exhibits some drawbacks not only in terms of manufacturing difficulties 
but also during the post fabrication implementation. For example, basic operations on these fibres such as fibre 
cleaving and splicing are technically challenging. Furthermore, as observed for silica glass nanowires [4], long 
term degradation of the mechanical and optical properties of the thin glass membranes within HC-PCF could 
also be a concern. 

Regarding the glass material, only few publications have focussed on photonic bandgap fibres made from non-
silica glasses. The recent report of a high quality HC-PCF made from Schott SF6 glass [5] should be considered 
among them. Other solutions include the use of composite structures, realised through pumping of tellurite glass 
or chalcogenide glass into a silica microstructured fibre [6,7]. However, the high thermal expansion mismatch 
between these glasses produces large mechanical stresses that inevitably lead to detrimental effects. Such 
stresses not only affect the mechanical integrity of the fibre structure but also the refractive index distribution 
because of the typical high photoelastic effects occurring in soft glasses [8-9]. Moreover, the dissolution of silica 
glass in tellurite melt [10] would even deteriorate the optical properties. On the other hand, tellurite glasses 
possess dispersive and nonlinear optical properties that in combination with PBF structures could produce very 
interesting optical components.  

Here, we report on an all-solid tellurite glass bandgap fibre that has been manufactured to overcome some of 
the fabrication issues mentioned above. The design of our PBF tellurite glass fibre in terms of refractive indexes 
and dimensions is based on the approach used and discussed by Birks et al. in [11] for all-solid PBF structures. 

2. EXPERIMENTAL 

2.1 Fibre fabrication 
The fibre was made from two tellurite glass compositions namely, TZNGe1 and TZNGe2. The compositions 
were based on the typical TZN (TeO2-ZnO-Na2O) [12] glass matrix where GeO2 was introduced to improve the 
thermo-mechanical properties and to reduce the risk of crystallization upon reheating.  The glass compositions 
were also designed to have close glass transition temperatures (Tg), and thus similar thermal expansion 
coefficients in order to prevent mechanical integrity issues.  The glass transition temperatures of the two glasses 
were measured by Differential Scanning Calorimetry (DSC) and were found to be Tg1 = 307 ± 3 °C and             
Tg2 = 311 ± 3 °C  for TZNGe1 and TZNGe2, respectively.     

The refractive index of the TZNGe1 and TZNGe2 glass was measured by prism coupling technique at five 
distinct wavelengths 633, 825, 1061, 1312 and 1533 nm. The results were fitted using a Sellmeier equation [13]. 
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Taking into account the error on measurements, the so-obtained chromatic dispersion curves of the two glasses 
were found to be quasi parallel, as shown in Fig. 1. The difference between the refractive indices of TZNGe2 and 
TZNGe1 was measured to be of Δn= 0.029 ± 0.001 at 633 nm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Refractive index dispersion of the two manufactured glasses TZNGe1 and TZNGe2 having nL and nH 
values, respectively. Measured values are indicated by circles. 

The fibre was made using the stack and draw technique. The tubes and rods used for the preform were 
manufactured through a combination of rotational casting and stretching techniques, respectively. Thirty six rods, 
containing TZNGe2 glass were arranged in three rings around a central rod made from the low index glass 
TZNGe1. The preform was pulled into 200 m of fibre at a speed of 5 m/min under N2 atmosphere.  

Although the fibre did not show any sign of homogeneous crystallization, punctual fibre defects were 
observed. Since such defects are not detected when drawing standard tellurite glass fibres, it is believed that they 
arise from impurities present in the preform at the interface between the rods. A photographic image of a cleaved 
end face of a section of fibre taken with an optical microscope is shown in Fig. 2 a). As it can be observed, the 
overall hexagonal microstructure has some degree of distortion with respect to the initial preform structure. The 
rings are slightly offset with regard to the fibre centre and the high index inclusions are not perfectly circular. 
These morphological defects can be generated by the existence in the preform of an air gap between the 
hexagonal structure and the inner wall of the surrounding tube. An asymmetrical distribution of the preform 
temperature acts in combination with the existing gap leading to the deformations described. The dimensional 
characteristics of the fibre are the following: the mean fibre diameter recorded during drawing was Df = 115 ± 
0.5 µm with maximum fluctuations of ± 4 µm over the whole fibre drawing process. The high index inclusions 
had a diameter d = 2.25 ± 0.20 µm and the pitch of the micro-structured cladding was Λ = 8.6 ± 0.2 µm. 

 
                                a)                            b) 

 

 

 

 

 

 

 

 
Figure 2 a) Optical micrograph of the end face of the  photonic bandgap fibre (PBF) made from tellurite glass. 
High refractive index inclusions from TZNGe2 glass appear in bright.  The remaining area of the fibre is made 
from low index TZNGe1 glass. b) Near field output image of a 28 cm long section of  tellurite glass PBF shown 
left. In this case the fibre input face is excited in the central low refractive index area using a broadband source 

that emits from 480 nm up to 2000 nm. 
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2.2 Fibre loss and guiding characteristics 
Optical assessment of the fibre was performed as described by Bouwmans et al. in [14]. A commercial 
supercontinuum source (SuperK from NKT) was focused in a 9 mm core SMF28 optical fibre which was end 
face coupled to the tellurite glass PBF. The near field image of the fibre output beam was collected on a Grundig 
electronic SN76 IR videocamera for infrared and on Digital DG-03 videocamera for visible wavelengths. A near 
field micrograph of the fibre end face illustrating guiding is shown in Fig. 2 b). The output spectra from the fibre 
were collected through an iris diaphragm, which isolates the beam confined into the low index central area of the 
fibre from the non-guided light still propagating through the cladding. Two spectrum analysers were used, an 
Avantes model AvaSpec-2048x14 for the wavelengths ranging from 480 nm to 1100 nm and a HP70951A 
optical spectrum analyser for wavelengths in the range 700-1700 nm. 

The initial length of fibre under test was 28 cm. The loss measurements were performed by a cut-back method 
where 11 sections of fibre, each 1 to 2 cm long, were successively removed. The fibre output spectra in the 
visible and in the IR were recorded after each cut to calculate the fibre loss spectrum shown in Fig. 3. For each 
wavelength the attenuation value was calculated through a linear least square fitting of the experimental data. 
The typical standard deviation between experimental data and the fitting curve was calculated to be as high as 5 
dB/m. The high uncertainty in the measurements is due to the low reproducibility of the end face cleave quality. 
Actually, it was found difficult to manipulate and to cleave such a short length of fibre without impairing the 
optical launching conditions at the input end face of the fibre. Another source of error is the measurement 
methodology, which requires realignment of the output beam with the collecting fibre between each 
measurement. In spite of the care taken, a full reproducibility of the realignment procedure could not be ensured. 
Nonetheless, the presence of “low” loss guidance for several wavelength bands (550-650 nm, 810-980 nm and 
1100-1700 nm) can be observed in the attenuation spectrum, depicted as clear bands in Fig. 3. On the other hand, 
for wavelengths within the red bands no confinement occurs. At these wavelengths, the low RI central area of 
the fibre behaves as a highly lossy core from which all light leaks towards the cladding, i.e. the hexagonal area 
containing the high index rods. 

 

 

 

 
 
 
 
 
 

 

Figure 3. Attenuation spectrum of tellurite glass PCF measured by cutback technique using a supercontinuum 
source to illuminate the fibre. Bands in red indicate those wavelengths where no confinement occurs. 

3. SIMULATION RESULTS 
In order to assess the quality of the fiber with respect to theoretical performances, the electromagnetic 
characteristic behaviour of the fibre was modelled using a semi-analytical model as developed by Birks et al. 
[11]. This method provides an approximated representation of the band structure by means of a dispersion plot in 
which the different bandgaps and modes can be identified. Thus, the technique supplies a prediction or reference 
of the bandgap ranges that can be contrasted with those experimentally found using the loss spectrum. 

Modelling results are shown in Fig. 4. The modes allowed to propagate with low losses must have a 
propagation constant β < k * nL, where k is the angular wavenumber. They are therefore located inside the white 
zones of Fig. 4 and below the black line. Thus, theoretical guidance bandgaps are expected to be found: from 
560 to 610 nm, from 670 to 940 nm and from 1050 to 1500 nm. By comparing the experimental attenuation of 
Fig. 3 and the modelling results of Fig. 4, it can be observed that the positions of the real bandgaps have a fairly 
good agreement with the predicted ones. The small differences are thought to be influenced by the 
morphological distortion described in the previous section and because the applied method only provides an 
approximated mapping of the bandgap zones. Moreover, fibre losses present an important degree of inaccuracy, 
especially at the vicinity of a bandgap, which in turns have an impact in the correct localization of these bands.  

Further work is underway using a propietary software (BandSolve from RSOFT). This tool can compute the 
complex value of the propagation constant β using numerical calculation based on the vector plane-wave method 
[11]. The results of this work will provide a more accurate identification of the spectral structure of the bandgap 
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and an accurate evaluation of the loss behaviour of the PCF structure. These values are the subject of a current 
research that will be published elsewhere. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Band structure of the photonic crystal fibre. Zones where leaky modes are situated have a fairly good 

matching to those found in the attenuation spectrum. 

4. CONCLUSIONS 
The manufacturing feasibility of an all-solid tellurite glass PBF, that allow combining unconventional properties 
of tellurite glasses to bandgap confinement effect, has been discussed. It is foreseen that this combination will 
have a fruitful use in a vast number of applications, in particular in those fields where chromatic dispersions is of 
interest. In fact, the important amount of fibre geometries that can be created together with the range of 
refractive index and chromatic dispersion behaviour of tellurite glass will offer a fine tuning of the dispersive 
behaviour of these fibres. Moreover, all-solid fibre configurations simplifies the integration among existing 
optical components while allowing to splice PCF tellurite glass fibres to standard silica ones [14]. Clearly, in 
order to reach this level of integration a higher control of the fibre quality is required. All the steps of the 
manufacturing processes, from glass synthesis fabrication to fibre drawing, needs to be improved considerably.  
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ABSTRACT 
In this paper we investigate the dynamics of the fiber fuse effect propagation in optical fibers. 

 
Keywords: Fiber fuse effect, high power signals, optical fibers. 
 

1. INTRODUCTION 
Nowadays, the optical power increase in the optical fiber networks, resulting from the growing of the number of 
optical channels and from the use of high power optical amplifiers (namely, Raman) has lead to an augmented 
concern about the damage resulting by the fiber fuse phenomenon [1].  
This phenomenon was first observed in 1987 and can lead to the destruction of the optical fiber infrastructure 
along several kilometres [2]. The fiber fuse phenomenon is initiated by a local heating of the optical fiber, 
causing a strong signal absorption that increases the temperature up to the Silica vaporization value. Due to the 
heating transferring mechanisms this optical fuse discharge zone [3], produced by the fuse process propagates 
towards the high-power signal sources [4].  
In this paper we review the main characteristics of the phenomenon, such as the fuse zone velocity, threshold 
power, voids interval for standard single mode fibres and bend insensitive fibres [5-6]. Finally, the aspects 
related with fuse effect detection and mitigation will be addressed [7]. 
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ABSTRACT 
In this paper we present a novel method to couple light from multiple wavelengths and angles into surface 
plasmons polaritons using a single quasiperiodic grating. The quasiperiodic grating can be designed in a 
systematic manner using the dual-grid method, thereby enabling to control the coupling strength and the grating 
dimensions. We demonstrated experimentally efficient coupling of light into a surface plasmon from several 
different illumination angles using a single quasiperiodic grating. This method can also be implemented to 
couple light from different directions using a 2-D quasiperiodic grating.  
 
Keywords: plasmons, quasiperiodic, gratings, coupler. 

1. INTRODUCTION 

Surface plasmons polaritons (SPP) are surface electromagnetic waves propagating along the interface of a metal 
with negative dielectric constant and a dielectric material with positive dielectric constant. In recent years SPP 
plays a key role in many research applications and devices, mainly as chemical and bio-chemical sensors [1]. 
Since the wavevector of SPP is larger than the free space wavevector, the main challenge using SPP is coupling 
them to the metal-dielectric interface. Usually prisms and periodic gratings are used to allow efficient coupling 
of single free space wave to a single SPP by matching their wavevectors (momentum).These methods are limited 
to a single process, i.e., a single free space wave into a single SPP, per device. In this paper we propose a new 
method to couple SPPs by using a quasiperiodic grating [2]. This method allows coupling of several free space 
wavevectors into either a single SPP or several SPPs simultaneously. The quasiperiodic gratings are designed in 
a systematic manner, by adopting a well-known method in the field of quasicrystals - the dual-grid method 
(DGM) [3].  

2. THEORY 

For efficient coupling between free space wave and SPP in periodic grating momentum conservation must be 
fulfil:   

k0 sin θ + m 2π
Λ

= ∓Re�ksp �  (1) 

where k0=2π/λis the free space wave number, λ is the wavelength,θ is the illumination angle relative to the 
surface normal, kspis the SPP wave number, Λis the grating period, and m = ±1,2,…N. For semi-infinite metal 
and dielectric mediums ksp is equal to:  

𝑘𝑘𝑠𝑠𝑝𝑝 = 𝑘𝑘0�
𝜀𝜀𝑚𝑚 𝜀𝜀𝑑𝑑
𝜀𝜀𝑚𝑚 +𝜀𝜀𝑑𝑑

                   (2) 

whereεmandεdare the permittivities of the metal and the dielectric, respectively. The strength of the 
coupling of the SPP depends on the value of the Fourier coefficient at the corresponding spatial frequency. 
It therefore decreases as |m| increases and reaches the maximum value for the first order coefficient (m= 
±1). Figure 1 illustrates such a scheme where the dielectric material is KTiOPO4 (KTP) and the metal is 
silver.  

 
 
 
 
 
 
 
 
 
 
 
 Figure. 1.  Illustration of the SPP quasiperiodic grating coupler 

mailto:idodolev@tau.ac.il


MINAP 2012 

66 
 

 
 
SPP can be coupled both to the Ag-KTP and to the Air-Ag interfaces.For coupling of different free space 

wavevectors, at different illumination angles and into different SPPs, one needs to design a grating that 
has several well defined Fourier components. The amplitude of each Fourier component will determine the 
relative coupling strength. With periodic gratings, one can couple only interactions that are described by 
equation (1), and with limited control on the coupling strength. However, a quasiperiodic grating can 
provide an arbitrary set of Fourier components and is therefore a good candidate for the multi-coupling 
task. 

   Quasiperiodic structures are structures that exhibit long range order, which is manifested by a discrete 
set of well defined peaks in their Fourier spectra. By using a suitable quasiperiodic grating we can 
therefore couple different electromagnetic waves into SPPs simultaneously.   

3. METHOD 
We design the quasiperiodic gratings using the DGM [3]. The DGM is a systematic algorithm that 

enables to determine the required pattern of the grating so that it will simultaneously couple different 
interactions with arbitrary wavevector mismatch values. In addition, it also allows us to optimize the 
amplitudes of the Fourier components for each wavevector mismatch.  

To demonstrate the DGM SPP coupling we designed five different structures: three periodic 
gratings,each supports a single ∆k mismatch, i.e. 2π/Λi, and two quasiperiodic gratings: one supports two 
different ∆k's mismatches (case (1) ) and the second supports three different ∆k's mismatches 
simultaneously (case (2) ).  
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The periodic gratings Λ1,Λ2 and Λ3, were designed to support Air-Ag (Ag-KTP) SPP which are 

generated by illumination with λ = 1047.5 nm with incidence angles of 1° (62°), 17° (36°) and 51° (6°), 
respectively. 

 

4. EXPERIMENT 
The samples were prepared by evaporating 25nm silver film on top of a KTP crystal followed by a standard e-
beam lithography technique to generate the desired structure on PMMA (polymethyl methacrylate) mask. A 50 
nm silver layer was then evaporated and the PMMA was removed. The result was 50nm silver grating and 25nm 
silver film on top of the KTP dielectric crystal (Fig. 1). The size of each grating was 400 µm × 400 µm.We 
performed a reflection experiment in order to characterizethe coupling into SPP, which manifest as a reflection 
dip at the coupling angle: a 200 mW, Nd:YLF CW laser (1047.5nm) was focused to a waist of 200 µm. The laser 
polarization was set by half wave-plate and a polarizer to TM polarization. The gratings were set on a rotating 
stage and the reflected light was measured at 0.5 degree steps. 

Figure. 3. Fourier spectra of the quaisperiodic gratings used for SPP coupling experiments. 

Figure. 2. First few building blocks of the quaisperiodic gratings used for SPP 
coupling experiments. 
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5. RESULTS 
The results are presented in figure 3. A clear deep appears when SPP is coupled into the device. In figure (4a) we 
present the measurements of the periodic gratings (Λ1 and Λ2) Air-Ag and Ag-KTP SPP, and the case (1) 
quasiperiodic grating. As predicted, all SPP are coupled in the quasiperiodic grating at the exact angles as the 
SPP from the periodic gratings. This implies that a single quasiperiodic grating can be used to couple several 
SPP simultaneously. Figure (4b) presents similar measurements of the Air-Ag SPP for all three periodic gratings 
and for the case (2) quasiperiodic grating. Again,all Air-Ag SPP appear in the single quasiperiodic grating at 
identical angles as the SPP in the periodic gratings. Additional dip appears in the case (2) quasiperiodic grating 
corresponding to the Ag-KTP SPP (∆k3 mismatch) 

 

 

6. CONCLUSIONS 
In summary, we have shown a method to couple SPP using quasiperiodic grating [2]. This robust method allows 
control and optimization on the coupling strength. We demonstrated experimentally coupling of SPP from 
several different illumination angles using one quasiperiodic grating. This SPP coupling technique can be used 
for a wide range of applications where multiple coupling conditions are required, such as biochemical SPP 
sensors, nonlinear optics, and other SPP sub-wavelength optical devices. 
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ABSTRACT 

Theoretical study of plasmon resonant eigenfrequencies in metal nanowires is presented. Mechanism of the 
plasmonic mode coupling that can be considered as symmetric and antisymmetric combinations of isolated wires 
plasmons is investigated. Accurate analysis of the spectrum of different plasmon resonances is presented.  
 
Keywords: plasma, surface plasmons, plasmon eigenfrequency. 

INTRODUCTION 
Metallic nanostructures are the subject of growing studies in recent years due to the possibility of strong light 
localization beyond the diffraction limit via the excitation of surface plasmons [1]. Various elements such as 
plasmonic waveguides [2], subwavelength resonators [3] and optical nanoantennas [4] have been studied recently. 
Surface plasmons have been explored for their potential in a single molecule detection with surface Raman 
scattering [5], transmissions through subwavelength apertures [6-7], subwavelength imaging [8]. Plasmonic 
structures of different shapes (nanowires, nanorods, nanospheres, nanoshells) are provided by various fabrication 
techniques. The silver nanowire structure is a candidate to key components in future ultracompact photonic devises 
[9]. It can be considered as a plasmon biosensor to monitor tiny biomolecular interactions [10] and as a novel 
modulator for control of the intensity of the transmitted surface plasmon polaritons through a nanowire array [11]. 
Possible future nanophotonic technologies demand devices that can generate stimulated emission of surface 
plasmons (spaser-based nanolaser). However it is challenging problem due to extremely strong absorption losses in 
metal at optical frequencies. The suggestion to compensate loss by optical gain using dye molecules in presence of 
metal nanoparticles [12] or using nanoparticles with gold core and dye-doped silica shell [13] to overcome the loss 
has been implemented in experiments recently. Therefore, for these applications accurate modeling that provides a 
valuable insight into fundamental processes is of great importance.  

The interaction of metal nanostructures with light leads to the excitation of surface plasmons with different 
resonance frequencies in the form of propagating waves or localized oscillations that associated with collective 
oscillations of the electrons. Most metals possess a negative dielectric constant at optical frequency as the plasma 
frequency of the conduction electron gas lies in this range. The noble metals (silver and gold) have been most closely 
used in plasmonics because their plasmon resonances lie close to the visible region of the spectrum and can be 
excited by ordinary optical sources. The plasmon resonances of nanoparticles with dimensions down to 2 nm can be 
investigated using classical Maxwell’s theory [14]. When the illumination frequency passes nearby the plasma 
frequency of the metal the real part of the dielectric permittivity becomes negative and plasmon resonances can be 
excited. The plasmon frequencies are strongly dependent on the particle size and shape. The plasmonic modes of 
coupled nanoobjects can be considered as symmetric and antisymmetric combinations of plasmons of isolated objects 
with different frequencies and field portraits [14-18].  

PROBLEM FORMULATION AND METHOD OF THE SOLUTION 

In this paper we solve the eigenvalues problem for a chain of coupled metal nanowires that can be modeled by virtue 
of plasma cylinders of infinite extent. Radius of each column is a , separation distance between them is d . Fig. 1 
represents a schematic diagram of the structure.  

 
Fig. 1. Schematic diagram of the structure. 

Plasma is described by the permittivity pε  that is given by the Drude model: 

      (1) 
2 1( ) 1 ( ( ))pp iε ω ω ω ω γ −= − +⋅

   
pε pε

• • •

d

1 aρ = 2 aρ = N aρ =
1ϕ 3ϕ2ϕ

pε
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Here pω  represents the plasma frequency, γ  is the material absorption. Sub-wavelength resonances are possible 
when ( ) 0ε ω <  (or equivalently pω ω> ), they are called plasmon resonances or surface plasmons. The ambient 
medium is free space. H-polarized fields are considered. We present the z-component of the internal field as 

( )( , ) ( )p
isl l

s sl l l
s

KH J k e ϕρ ϕ ρ
+∞

=−∞
= ∑      (2) 

and the external field as 

( ) (2)

1
( , ) ( )

N
l is l

l l s s l
l s

H M H k e ϕρ ϕ ρ
+∞

= =−∞

= ∑ ∑ .     (3) 

Here ( ,l lρ ϕ ) are set of N polar systems of coordinates, associated with each cylindrical columns ( 1...l N= ), z −
axis is parallel to the cylinders, 1k cω −= ⋅ , 1

p pk n cω −= , c  is light velocity in a vacuum, ( )p pn ε ω= , ( )pε ω  is 

defined by formula (1), time dependence is i te ω . 
Unknown coefficients sK  and sM  are found from the boundary conditions, requiring the continuity of the 

tangential components of the total electric and magnetic fields at each cylindrical column's surface. Using the 
addition theorem for the Bessel functions we arrive to an infinite system of algebraic equations that can be truncated 
in order to provide a controlled numerical precision. 

RESULTS 

Eigenvalues of isolated metal nanowire 
Fig. 2 (a) illustrates the value of the real part of plasmon eigenfrequency versus normalized frequency ( )ka for 
different values of 1

p pw caω −=  that we will call further a normalized plasma frequency. We have to stress that there 
is no solution for the case 0s =  ( s  is a numbers of angular field variations). It is seen that plasmon resonances for 
different values of s  are closely spaced. Field portraits of the plasmons are shown in the inset of Fig. 2 (a). Fig. 2 
(b) presents the scattering cross section of the metal nanowire due to illumination by plane wave. Comparing Fig. 2 
(a) and 2 (b) we come up to the conclusion that the peak of the scattering cross section coincides with lowest 1s =  
plasmon.  
 

 
Fig. 2 (a). The dependence of the plasmon 

eigenfrequency on number of angular field variation. 
Fig. 2 (b). Scattering cross section  of isolated nanowire. 

 

Eigenvalues of a pair of coupled metal nanowires 
For the case of two coupled plasma cylinders the structure has two symmetry axis that causes four classes of excited 
plasmons with different symmetry: EE (even symmetry with respect to x and y axes), EO (x – even; y - odd), OE (x 
– odd; y - even), OO (x – odd; y - odd) [19]. Fig. 3 shows near field portaraits of different types of plasmons ( 2s =
). The plasmonic modes of coupled nanowires can be considered as symmetric and antisymmetric combinations of 
plasmons of isolated wires. 
 

 
Fig. 3. Nearfieldportraits (from left to right) of EE, OO, OE, EO plasmons ( 2s = ). 
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Fig. 4 (a). The normalized frequency versus the 
normalized separation distance between two 

coupled metal nanowires for EE plasmon (s=1) for 
various values of pw . 

Fig. 4 (b).The scattering cross section of two 
coupled wires. Direction of the illumination is shown in 

inset. Separation distance is 2d a = . 

  
Fig. 5 (a). The normalized frequency versus 

the normalized separation distance between the 
two coupled metal nanowires ( 1pw = ). 

Fig. 5 (b). Scattering cross section of two metal nanowires 
for various separation distances ( 1pw = ). 

Fig. 4 (a) represents dependence of the normalized frequency of EE plasmon ( 1s = ) on the separation distance 
between the metal wires. It is seen the decreasing of the frequency when normalized plasma frequency decreases 
(that is equivalent to the decreasing of the wire radius for fixed plasma frequency). Comparison with scattering 
cross section graph shows that this plasmon can be excited by plane wave (Fig. 4 (b) when the illumination 
direction is normal to the main axis of the structure.  

Fig. 5 (a) shows the normalized frequencies versus the separation distance between nanowires for all possible 
types of excited plasmons ( 1s = ). It is clearly seen that for distant cylinders eigenfrequencies are nearly identical 
for all four symmetry classes. As separation distance d  becomes smaller, the frequency shift of the coupled 
plasmons becomes much stronger. Fig. 5(b) estimates possibility of plasmons to enhance electromagnetic radiation 
in subwavelength scale ( 1ka < ). It should be mentioned that the strong field enhancement is observable for distant 
wires (gap is not less than 10 radii).  

 

  
Fig. 6 (a). The dependence of the EE plasmon eigenfrequency 

on separation distance for different number of wires. 
Fig. 6 (b). Scattering cross section of linear chain of metal 

nanowires for different number of wires. Separation distance 
is 2d a = . 

Eigenvalues of a N coupled metal nanowires 
Fig. 6 (a) representseigenfrequencies of EE plasmon (s=1, pw =1) for different number of coupled metal nanowires. 
The field distribution of EE plasmon in a chain of six plasma cylinders is shown in the inset in Fig. 6(a). It is seen 
that eigenfrequencies decrease with increasing the number of coupled plasma cylinders. Fig. 6 (b) presents growing 
of the amplitude of the excited plasmon with increasing the number of wires.  
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CONCLUSION 
The eigenfrequencies of the coupled metal nanowires that is modeled as cylinders filled with negative permittivity 
plasma have been analyzed. It has been shown that individual plasmons of isolated wire interact and form symmetric 
and antisymmetric plasmonic coupled modes of different types. Accurate analysis of the influence of the coupling of 
metal wires on their spectrum of different plasmon resonances is presented.  
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ABSTRACT 

In this contribution we provide an overview of our recent research results on the optical properties of 2D array of 
gold patches immersed in homogeneous and asymmetric environment. The investigated structure acts as a bio-
sensing platform that exploits the formation of a plasmonic band gap in the reflection spectrum.  

Keywords: nanophotonics, surface plasmon, biosensor, EOT, nonlinear, SERS 
 
 
MODELLING OF PLASMONIC NANOSTRUCTURES 
The fascinating optical properties of plasmonic nanostructures have attained great interest in the last decade since 
they can be usefully exploited in many emerging applications, such as sensing, spectroscopy, light emitters, optical 
data storage, and photovoltaics.  

In the framework of COST Action MP0702 activities, we performed numerical analysis on plasmonic optical 
properties of different metal nanostructures. In particular, we put emphasis on back and forward scattering and on 
the calculation of field enhancement and spectral response of metal nanoparticles having different shape (nanorods, 
nanospheres, bow-tie, squared and rectangular patches). Theoretical calculations have indicated that the plasmonic 
absorption strongly depends on the detailed configuration of nanostructures in terms of materials, metals (Ag and 
Au) and semiconductors, and geometrical parameters, such as length, thickness and width/diameter. Moreover, we 
evaluated the spectral response of more complex geometries based on one-dimensional array of plasmonic 
heterostructures able to enhance and focus light [1] and of multiple elementary periodic structures [2], with the aim 
of understanding how properly tailor the spectral behaviour of periodic plasmonic structures and exploring the 
possibility of developing light concentrator and back reflectors to assist and optimize solar cells [3], plasmonic 
platforms for biosensing and optical nanoantennas [4].  

In this contribution we will provide an overview of our recent research results on the optical properties of 2D 
array of gold patches immersed in homogeneous and asymmetric environment [5-6]. The investigated structure acts 
as a bio-sensing platform that exploits the formation of a plasmonic band gap in the reflection spectrum.  

Figure 1 shows the Scanning Electron Microscope (SEM) image of the fabricated device. The gold patches are 
periodically arranged on a Silicon substrate. The periodicities in the two directions are chosen so that px= py= p = 
630 nm. Several samples with different aperture sizes a were fabricated, while the gold nano-patch thickness w has 
been fixed equal to 200 nm.  

Simulations were performed by means of 2D and 3D Finite Element Method and  home-made FDTD codes. 
Three different states are distinguishable in the reflection spectrum across the plasmonic band gap: V, M and FP 
states, respectively. The V state corresponds to the excitation of a leaky mode that propagates on the metal grating 
and causes a sharp dip in the reflection spectrum; the M state corresponds to the coupling and back radiation of a 
surface plasmon and, hence, corresponds to a maximum in the reflectivity spectrum. Finally, the FP state is a hybrid 
state related to the availability of a Fabry- Pérot mode inside the cavity. This mode propagates in the metal-
insulator-metal (MIM) waveguide that supports a transverse-electro-magnetic TEM-like guided mode only under 
specific circumstances. 

Evidence of the above mentioned states is shown in Fig. 2a, where the V state can be clearly identified on a two 
dimensional map where reflection is plotted as a function of both incident angle (0° - 90°) in the wavelength range 
on interest (400 - 700 nm).  The map emphasizes how the resonance associated to the V state splits in two arms and 
linearly shifts with a variation of about 10 nm when the source is tilted by an angle as small as 1°. Furthermore the 
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high absorption of gold between 400 nm and 500 nm suppresses all features within this wavelength range. Figure 2a 
also reveals that these geometrical parameters do not allow guided modes in the MIM waveguide for the 
wavelength range under investigation and, as a consequence, forbid the formation of hybrid modes related to the 
interference between cavity and surface modes. Figure 2b reports the simulated and experimental reflection spectra 
showing that the spectral position of the V states is almost identical. The extremely small shift and the broadening 
of the measured spectrum can be addressed to the roughness of the metal patches.The potential sensitivity of the 
device has be derived by evaluating the spectral shift when an extremely small change of the refractive index is 
induced at the top surface of the sensor, leading to sensitivity values up to 1000 nm/RIU and a corresponding Figure 
of Merit (FOM) of 222 RIU-1 (FWHM of the resonance is only 4.5 nm) that corresponds to a significant advance in 
the improvement of plasmonic sensor devices. 

Moreover we will provide experimental proof of the sensing capabilities of this device by observing colour 
variations in the diffracted field when the air overlayer is replaced with a small quantity of isopropyl alcohol (IPA). 

Finally we will report on the investigation of Surface Enhanced Raman Scattering (SERS) when the 2D array of 
gold patches is functionalized with thiols molecules. Figure 3 shows the SERS signal when the aperture a is varied. 
As it can be inferred from the plot, the SERS signal decreases when the aperture is narrowed and this is completely 
consistent with the simulation results. Moreover the SERS performance when different laser wavelengths and 
numerical apertures are adopted will be discussed highlighting that the geometrical parameters and, in a particular 
way, the periodicity strongly affect the nonlinear response of these periodic nanostructures. 
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FIGURES 
 
 

 
Figure 1: SEM image of the fabricated device (inset: lift-off process). 

 
 

 
Figure 2: a) Reflection map of the nanostructure characterized by the parameters p = 630 nm, w = 200 nm, a = 

120 nmas a function of the incident angle; b) Simulated and experimental reflection spectra. 
 
 

 
 
Figure 3: SERS signal when the gap is varied (the yellow curve corresponds to the reference signal of the flat gold 

film). 
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ABSTRACT 
Traditional Kretschmann structure with a dielectric covering layer of different thickness is analysed numerically by 
the method of single expression. Application of thin SiO2 layer in the Kretschmann structure as a protective cover 
(of some nanometers thickness) is discussed. Covering layers of some hundred nanometers exhibit waveguiding 
features and their excitation is possible at angles less than the angle of surface plasmon (SP) excitation. Inclusion of 
gain in a covering layer is analysed and compensation of intrinsic loss in a metallic layer is discussed. The minimal 
value of gain for loss compensation is needed for the first waveguide-mode of a covering layer, which is a candidate 
in application for optical on-chip interconnects.        
An influence of intensity-dependent nonlinearity in a cover layer on SP excitation in Kretschmann structure is 
analysed. Inclusion of nonlinearity in a covering dielectric medium causes the shift of the incident wave angle of 
surface plasmon excitation and bistable behaviour of the angular dependence of the reflectance. At the fixed 
amplitude of intense incident wave the hysteresis in the reflectance revealed the proper direction of angular 
interrogation depending on the sign of nonlinearity. 
 
Keywords: surface plasmon (SP), Kretschmann structure, waveguiding cover layer, nonlinear cover layer, 
hysteresis, method of single expression (MSE).  

1. INTRODUCTION 
Nanophotonics is rapidly growing field of science and technology due to its potential in developing compact and 
fast operating, reliable photonic components for optical communication networks, free-space optical interconnects, 
spectroscopy, imaging, sensors, security systems, etc. [1]. Nanophotonic devices are wavelength-scale structures 
consisting of dielectric, semiconductor and/or metallic thin layers or nanoparticles. Traditionally metals are used as 
mirrors and electric contacts for optoelectronic devices. High intrinsic loss of metals has prevented spreading their 
application in different photonic components. However metals as media with negative permittivity nowadays attract 
particular interest in nanophotonics. With the miniaturization of photonic structures, metals start to reveal unique 
features in manipulating light at distances smaller than the operating wavelength. Particularly, an interface between 
a dielectricand a metal sustain surface plasmons (SPs), specific light waves propagating along the interfaceand 
evanescently confined in the perpendicular direction [2,3]. In recent years the field of plasmonics has attracted 
much interest in the context of highly integrated nanophotonic devices, material science, biological sensing, 
spectroscopy, medical diagnostics, environmental monitoring, food safety, security, etc. [1-3].   
  Widely used techniques for plasmonic waves excitation are by means of prism couplers, optical waveguides and 
diffraction gratings [3]. Excitation of surface plasmons by prism couplers can be realised by two configurations: 
Kretschmann and Otto. The Kretschmann structure is widely accepted as the superior configuration for sensor 
operation. It delivers higher sensitivity and is easier in implementation as the metal film can be deposited directly 
on the prism interface (Fig. 1). 
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  Figure 1. Schematic Kretschmann-type structure with cover layer   

 
  At the incidence of TM polarised light wave at a definite angle (in range of total internal reflection (TIR)) and 
specific thickness of metallic layer SP generation at the metal-dielectric interface takes place. At this angle a deep 
decrease in reflection is observed and the resonant enhancement of optical field amplitude at the interface takes 
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place[4]. The light intensity enhancement at the metal-dielectric interface brings to the extreme sensitivity to any 
change in a dielectric medium where analyte is positioned in sensing applications.  

2. METHOD OF RESEARCH  
All known theoretical methods for the analysis of SP excitation rely on fulfillment of superposition principle that 
prevents their application for a strong nonlinear problem solution.As a computational tool for numerical modelling 
of linear and light’s intensity-dependent nonlinear plasmonic structures the method of single expression (MSE) is 
used in the current work [5-8]. In the MSE loss, gain and intensity-dependent nonlinearity in the multilayer 
structures can be taken into account without any restrictions on the value and sign. Along with the reflectance, 
transmittance and absorbance of aconsidered structure the distributions of electric and magnetic field amplitudes 
and power flow density within and outside a structure can be analysed by the MSE.    

3. RESULTS OF NUMERICAL ANALYSIS 

3.1 Protective and waveguiding cover layer 
For sensing applications different modifications of the conventional Kretschmann structure involving multilayer 
metal-dielectric structures are used [9,10]. Particularly, deposition of a thin polymer coating film on a metallic layer 
causes shift of the reflectance dip to a slightly higher angle that permits to find out information on the optical 
thickness and properties of the coating. Such angular interrogation in the Kretschmann configuration comprising 
ultrathin film upon a metallic layer is used in surface plasmon microscopy and surface plasmon resonance (SPR) 
biosensors [9,10]. Except for plasmonic features such a structure starts to reveal also waveguiding properties, so 
along with a SP-polariton mode guided-wave-polariton modes are observed in the angular reflectance of the 
multilayer metal-dielectric plasmonic structure [10]. An analysis of influence of a thickness of a cover layer upon a 
metallic layer can give knowledge about a change of conditions of SP excitation, which is useful for sensing of 
aggressive matters when the cover layer is used to protect metallic interfaces susceptible to oxidation.  
   The numerical simulation by the MSE has been performed first for an excitation of SP at the incidence of TM 
plane EM wave on a Kretschmann structure without a cover layer. The silver layer of thickness 47=md  nm of 
permittivity 62.03.11~ jj mmm −−=′′+′= εεε (at λ0=530.9 nm) is taken. The permittivities of a prism and medium 
above metallic layer are 31 =ε  and 12 =ε , correspondingly. The characteristic sharp resonance dip in the angular 
reflectance of the structure )(θR related to plasmon excitation is observed at the incidence angle o

dip 2644.37=θ

(Fig. 2a). At the metal/air interface an essential field enhancement takes place for both magnetic Ĥ and electric Ê
field amplitudes while on either sides of the interface exponential decaying waves are observedthat 
indicatesapossibility of SP excitation along the interface (Fig. 2b). Poynting vector Pz sharply decreases in the 
metallic layer due to intrinsic loss of Ag and is constant on either sides of the layer. 

At the thin enough cover layer (~ 2÷4 nm) the location of the dip and its half width are changed slightly 
compared with the structure without any cover. The behaviour of magnetic and electricfield amplitudes at the 
Ag/SiO2 interface is also not changed. This indicates the possibility to use of ultrathin covers of SiO2 to protect 
metallic surfaces from aggressive matters at sensing applications. 

With the increase of the cover SiO2 layer the shift of the dip towards greater angles is observed. The behaviour of 
magnetic and electricfield amplitudes remains almost the same as in the case of thin covers with a slight distortion 
at the SiO2/air interface. At further increase of the cover (at 210 nm) in the angular reflectance of the structure along 
with the dip related to SP excitation a new dip at smaller angle of 36.7640 appears (Fig. 3a). Outwardly this dip is 
similar to the plasmonic dip however the distributions of field amplitudes indicate that at this angle the 
waveguiding-mode is supported by SP at the Ag/SiO2 interface (Fig. 3b).   

At further increase of the cover layer thickness (at 600 nm) in the angular reflectance of the structure along with 
the plasmonic dip two dips at the angles of 42.760 and 54.80 related to two waveguide-modes appear (Fig. 4a). 
Corresponding distributions of field amplitudes confirm this fact (Fig. 4b). Further increase of the cover layer 
revealed increase of the number of waveguide-modes whereas the plasmonic dip does not change its position and 
shape.  

At the excitation of a single mode in thecover waveguide it is possible to have wave propagation at distances 
longer than for SP since in the metal the field amplitude is not resonantly enhanced in this case. This waveguide 
indicated the higher sensitivity to inclusion of modest gain in the cover layer, which promises to have loss 
compensated waveguide suitable for optical on-chip interconnect applications [8].   



MINAP 2012 

 
79 

 

 

30 40 50 60 70 80 90 
0 

0.2 

0.4 

0.6 

0.8 

1 R 

θ0 

    

zP  Ĥ  
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(a)                                                                                                     (b) 

Figure 2. (a) Angular reflectance of the Kretschmann structure without cover layer, (b) distributions of magnetic 
and electric field amplitudes, Poynting vector and profile of effective permittivity 

θεεε 2
1 sin⋅−= ieff ( i=1,m, 2)within  the multilayer structure at the plasmonic dip [8]. 
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Ĥ  
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Figure 3. (a) Angular reflectance of the Kretschmann structure with a cover layer of thickness 210 nm, (b) 
distributions of magnetic and electric field amplitudes, Poynting vector and profile of effective permittivity 

within the structure at the waveguide-mode dip (at the incidence angle 36.7640) [8]. 
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Figure 4. (a) Angular reflectance of the Kretschmann structure with a cover layer of thickness 600 nm and (b) 
distributions of magnetic and electric field amplitudes, Poynting vector and profile of effective permittivity 

within the structure at the secondwaveguide-mode dip (at the incidence angle 42.760) [8]. 

3.2 Kerr-type nonlinearity in the covering layer 
In sensing of some biological objects, organic materials or others inherently possessing nonlinearity, the resonant 
field enhancement at the interface causes nonlinear phenomena: second harmonic generation and field intensity-
dependent nonlinear effects [11,12]. High field intensity at the interface brings to the change of plasmons excitation 
conditions due to nonlinearity in analyte, and, as a consequence, strong dependence of measurement results on 
incident field intensity. A relevant computer simulation of SP excitation at high field intensity will be useful for 
predicting and understanding the measurement results. An influence of a weak nonlinearity in Kretschmann 
structure has been earlier studied revealing that SP excitation conditions are changed bringing to hysteresis in the 
reflection spectrum[12].Nowadays for sensing applications an analysis of a strong nonlinearity in analyte is topical. 
  The numerical simulation by the MSE has been performed for an excitation of a surface plasmon at the incidence 
of TM plane EM wave on a nonlinear Kretschmann structure having a silver layer of thickness 47=md  nm with 
permittivity 62.03.11~ jj mmm −−=′′+′= εεε  (at λ0 = 530.9 nm).  

The analysis of the case of Kerr-type nonlinearity in the covering dielectric medium with permittivity 
2

0cov Enl ⋅+= εεε   ( 0ε is the linear term of permittivity and nlε is the nonlinear coefficient) is performed for both 
types of nonlinearity: positive ( 0>nlε ) and negative ( 0<nlε ). The permittivity of a prism and a dielectric are 
taken as 31 =ε and 20 =ε , correspondingly. Computationsby the MSE have been performed for the fixed value of 

incident magnetic field amplitude ( 20ˆ =H a.u.) and bistable angular dependences for the reflectance )(θR  are 
obtained.The angle of plasmonic dip for )(θR in the linear case is 0256.64=SPlinθ . Depending on the sign of 
nonlinear coefficient of analyte the strong dip ( 0)( ≈θR ) in the reflection spectrum is observed only at proper 
direction of angular scanning (by increasing or decreasing of incidence angle).  
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Figure 5. Angular dependences of reflectance at (a) negative 001.0−=nlε , (b) positive 001.0=nlε nonlinear 
coefficient in analyte [7]. 

At negative nonlinearity the strong dip is shifted towards lower angles (Fig. 5a) and correspondingly, at positive 
nonlinearity the shift of the dip towards greater angles takes place (Fig. 5b).   

Relevant optical field amplitude localisation and behaviour of power flow density within plasmonic structures are 
also obtained during the analysis.  

4. CONCLUSION 
Correct numerical simulation by the MSE of optical properties of the Kretschmann structure with SiO2 cover layer 
revealed, that thin cover layer of thickness ~ 2÷4 nm can protect a metallic layer from aggressive matters in sensing 
applications without affecting sensitivity of such structures. With the increase of the cover’s thickness at the definite 
incident angles, less than the angle of SP excitation, the plasmonic structure can operate as single-mode optical 
waveguide of thickness ~ 210 nm with loss less than for SP. Such waveguides can find application in optical on-
chip interconnects.    

Specific angular interrogation characteristics are obtained at the fixed amplitude of illuminated light for a 
nonlinear analyte.  The performed accurate simulation for both signs of nonlinear coefficient will be useful in 
application of plasmonic sensors on the subject of impact of optical sources’ intensity on measurement results at 
intensity-dependent nonlinearity in analyte. 
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ABSTRACT 
High resolution time-resolved Fourier-transform infrared spectroscopy is be applied for observations of the 
emission arising after irradiation of a metal and metal oxides  targets with a pulsed nanosecond ArF (λ = 193 nm) 
laser. The infrared emission spectra will be studied in the 800–8000 cm-1 spectral region. Although the spectra of 
the atoms were studied in various frequency ranges, our study points to the existence of spectral lines, which have 
not yet been observed. While the visible spectral lines are due to the transitions involving the ground and low-
excited states, the IR lines in atoms correspond to the transitions between highly excited (Rydberg) levels. The 
transition probabilities and oscillator strengths for all transitions involving the reported levels are calculated. 
Keywords: Laser-induced breakdown spectroscopy, infrared spectra, Rydberg states. 
 

1. INTRODUCTION 
Pulsed laser ablation and depositing processes are currently frequently used techniques. Laser induced plasma at 
low fluence (typically 10 J/cm2) has numerous applications, e. g. Pulsed Laser Deposition (PLD) for multi-
elemental analysis. The latter technique, known as Laser Induced Plasma Spectroscopy (LIPS) Laser-Induced 
Breakdown Spectroscopy (LIBS) consists of analyzing the light spectrum emitted from a plasma created on the 
sample surface by laser pulses. LIPS has many practical advantages over the conventional methods of chemical 
analysis of elements and is consequently being considered for a growing number of applications [1]. Excimer lasers 
operating in near-ultraviolet regions with typical laser fluences of 1-30 J/cm2 are used for many types of ablation.  

 
Figure 1. The sketch of the experimental setup. 

The ablation plume arising after irradiation with frequencies of nanosecond duration pulses is governed by a great 
number of very complex physical processes. During the laser pulse (with typical duration of 20 ns), the laser 
photons heat the sample and bring a part of its surface to the critical temperature. The heated material starts to boil 
explosively and creates an emission plume consisting of ejected particles, atoms and ions. The particles inside the 
plume can themselves interact with the laser photons, which leads to a subsequent rise in the temperature of the 
ablation plume and to photochemical and photodissociation processes. The electrons created in the 
photodissociation processes can interact with the laser pulse via the electron ion inverse bremsstrahlung, which 
again causes additional heating of the plume and leads to the fast transition of the plume from ionized gas to 
plasma. The electrons escaping from the corona region cause a separation of charges, thereby inducing the ionized 
part of the plasma to accelerate. After the end of the laser pulse, the plume expands adiabatically. The electron-ion 
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collision inside the plume can create excited ions. The electron-ion collision in the presence of a third body can 
results in their recombination leading to formation of atoms in highly excited Rydberg states. A radiative cascade of 
these Rydberg states is then observed as the optical emission of the ablation plume. The properties of the observed 
plumes obtained by the ablation of different materials can eventually reflect the superposition of the ensemble 
processes described above.  

Here is shortly reported a study focused on time-resolved spectra arising from 193 nm pulsed laser ablation of 
gold and silver targets in a 10-3Torr vacuum. We report IR spectra of several metal atoms in the 800–8000 cm-1 
region. 

2. METHODS 
The sketch of the experimental setup is presented in Fig. 1. For the measurement of the time resolved FTIR spectra 
the synchronous continuous scanning method was used. After each ArF laser trigger point several data points was 
sampled while the interferometer's mirror moved continuously. To couple this method with a laser ablation as a 
source of the registered emission requires a special instrumental approach. In usual time-non-resolved FT 
measurement the data from the detector are sampled at each zero-cross point of the He-Ne laser fringes. The 
difficulty of the time-resolved measurement comes from the fact that the repetition rate of the available high 
repetition lasers (suitable for ablation experiments) is lower than the frequency of the He--Ne laser fringes produced 
by the interferometer. To solve this problem following method was used. Instead of application of the laser pulse 
every zero-cross point of the He-Ne laser fringes only n-th zero-cross point triggers the laser action. As a result 1/n 
of each time-resolved interferogram is obtained after each scan [2]. The timing diagram is shown in Fig. 2.  
 

 

Figure 2. Timing diagram for the interleaved sampling 

3. RESULTS 
The infrared emission spectra of Au, Ag, Cu, Na, K and Cs resulting from the laser ablation of targets performed as 
metal plates or alkali metal salts (NaI, NaBr, KCl, KBr, KF, KI, CsCl and CsI) tablets in a vacuum was recorded 
using time-resolved Fourier-transform spectroscopy in the 800-1000, 1000-1200, 1200-1600, 18003600, 4100-5000 
and 5200-7500 cm-1 ranges with a resolution of 0.2 cm-1. The majority of the observed lines correspond to 
transitions between low-excited Rydberg states of metal atoms with a principal quantum number n=4..10; the most 
prominent lines being due to transitions between the states with high orbital momenta l=3..5. 

This study reports 32 new lines of Au, 12 of Ag, 20 of Cu, 17 of Na, 26 of K and 21 of Cs (with uncertainties of 
0.00030.03 cm-1). The measured Na and K lines are in agreement with the solar spectra recorded in Atmospheric 
Chemistry Experiment (ACE). An example of the recorded spectra is given in Fig. 3. 
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Figure 3. A part of the recorded Cs emission spectrum. 

 

The line classification is performed using relative line strengths expressed in terms of transition dipole matrix 
elements calculated with the help of the single-channel quantum defect theory (QDT)[4]. We show the results for 
the transition probabilities and oscillator strengths for transitions between the reported atomic metal states. 

For the classification of the observed IR lines, an important role is played by the f-, g- and h-states including those 
discovered in the present measurements. For all the elements considered, the most intensive emission line in the 
800-1000 cm-1 and 1200-1600 cm-1 region correspond to the 6g-7h and 5g-6h transitions respectively. 

The investigation of atomic emission in our LIBS experiment is complicated by nonequilibrium and nonstationary 
conditions of the plasma for the excited states. In particular, the emission intensities of the spectral lines show a 
complex dependence on the time delay τ after the ArF laser pulse shot (see Fig. 4). So the use of the time-resolved 
scheme is essential in our experiment. 

 

4. CONCLUSIONS 
Using Fourier-transform infrared (FTIR) spectroscopy of a plasma formed by ablation of metallic or salt targets by 
a pulsed nanosecond ArF laser in a vacuum, we report IR spectrum of several atomsatomic cesium in the 800–8000 
cm-1 region. No spectra of metals were measured previously the below 2000 cm-1. From the lines observed here and 
in our previous works we extract revised energy values for more than 150 energy levels (uncertainty 0.01--0.03 cm-

1) of which 8 levels of Au, 3 of 23 Ag, 4 of Cu, 1 of K, 3 of Na and 2 of Cs are reported for the first time. These 
newly-reported levels have high orbital momentum l=3,4,5. 
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Figure 4. Time profiles of some emission lines observed in CsI ablation. 

 
We also calculate the probabilities of transitions between the observed lines. We show a non-monotonic behavior 

of the emission intensity as a function of the time delay after the ablating laser shot and of the distance between the 
probed area and the target surface. These curves are examples of a complex dynamics of the excited state 
population which is only scarcely available for these states. 
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ABSTRACT 
In this paper, a theoretical study of loss compensation in long-range dielectric loaded surface plasmon waveguides 
(LR-DLSPPs) is presented. Although extendable to other gain materials, rare-earth doped double tungstates are used 
as gain material in this work. Two different structures are studied and the effect of the different waveguide 
geometrical parameters on the material gain required to fully compensate the propagation losses are reported. The 
simulations were performed at 1.55 µm wavelength. A material gain as low as 12.5 dB/cm was determined as 
sufficient to obtain complete loss compensation in one of the proposed waveguide structures supporting sub-micron 
lateral mode dimension. 
 
Keywords: plasmonic waveguides; gain material; rare-earth ions; double tungstates. 
 
1. INTRODUCTION 
 

Surface plasmon polaritons (SPPs), evanescent electromagnetic waves propagating along metal-dielectric interfaces, 
have been the subject of numerous studies due to their unique properties. Promising applications in a variety of 
fields include optical biosensing, data storage, photovoltaic cells, and highly integrated photonic circuits [1]-
[3]. Many different plasmonic waveguiding configurations have been proposed and demonstrated over the past 
few years [4]-[9]. In general, SPP waveguides are subject to a trade-off between mode-field confinement and 
propagation loss, exhibiting either good optical confinement but short propagation distances [6], or long 
propagation distances necessitating large mode profiles [7]. Recently, a novel type of plasmonic waveguide 
configuration was proposed, long-range dielectric-loaded surface plasmon polariton (LR-DLSPP) waveguides that 
combine the millimeter-range propagation with a relatively strong mode confinement [8], [9]. Reduced propagation 
losses provided by this novel structure permit enlarging the range of gain materials that can be selected for loss 
compensation. 

Many efforts have been directed towards compensating propagation losses in plasmonic waveguides by use of 
different  gain  materials  [10]-[13].  In  this  work, we proposed  the use  of  rare-earth  (RE)  doped  double 
tungstates, which have been recently reported to provide elevated gain [14] with very interesting characteristics, 
such as amplification without distortion of very-high-rate signals in the small-signal-gain regime and large gain 
bandwidth up to a few tens of nanometers, interesting for broadband optical amplification and the generation of 
ultra-short laser pulses. 

In this work, loss compensation in LR-DLSPP waveguides by optical gain provided by a RE-doped double 
tungstate material incorporated into the LR-DLSPP configuration is theoretically studied. Two structures are 
presented. The effect of different waveguide parameters on the efficiency of the material gain to compensate 
propagation losses is evaluated. Lossless propagation is predicted for material gain as low as 12.5 dB/cm, with a 
mode size comparable to conventional dielectric-loaded surface plasmon polariton waveguides [15]. 
 

2. DESCRIPTION OF THE PROPOSED STRUCTURES 
 

The generic LR-DLSPP structure includes a low-refractive-index substrate material, a buffer layer of a high- 
refractive-index material, a metal stripe and a dielectric ridge, the dimensions and refractive index of which should 
be chosen to balance the electric fields at both sizes of the gold stripe to ensure long-range propagation [8]-[9]. 

In this study, the substrate material chosen is SiO2 (n ~ 1.46) and the metal selected is gold (ngold = 0.55+j11.5 
[16]). The wavelength utilized is 1.55 µm. The dimensions of the gold stripe were fixed in all cases to a 
thickness of 15 nm and a width of 200 nm. The gain material utilized is RE-doped double tungstate with 
refractive index ~2.05. In Structure 1 the gain material is added as the buffer layer while the ridge is made of 
polyimide (n ~ 1.9). In Structure 2, the buffer layer chosen is Si3N4 (nSi3N4 ~2.05) and the gain is added to the 
ridge. A 100 nm-thin BCB adhesive layer is introduced between the buffer layer and the ridge as part of the 
integration procedure of the gain material to the structure. Figure 1 shows the two structures under study. 
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   (a)     (b) 

Figure 1.Proposed LR-DLSPP structures: (a) Gain material as the bufferlayer; (b) Gain material as the ridge. 
 
3. FINITE DIFFERENCE CALCULATIONS 
Finite difference (FD) calculations with perfect magnetic conductor (PMC) and perfectly matched layers (PML) 
were carried out using the PhoeniX B.V. The size of the calculation window was chosen as 20 µm by 20 µm to 
ensure that the field at the boundaries of the window was zero. Since the simulated structures present regions 
with different sizes, these thinner structures were artificially divided in the required number of sublayers to 
ensure that enough grid points were assigned to these critical areas. The number of sublayers was selected so that 
the addition of more layers only produced negligible variation in the results. Figure 2 shows the mesh utilized in the 
simulations for Structure 2. In the metal, a grid size of 0.75 nm was utilized (i.e., the metal stripe of 15 nm 
thickness was represented by 20 sublayers). 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Mesh utilized in Structure 2: (a) Meshed structure; (b) Detail of the region around the gold layer. 
 
4. RESULTS 
The two structures proposed in Section 2 were simulated as described in Section 3. The net propagation loss of 
the structures was calculated as a function of the buffer thickness for different ridge dimensions. It is well known 
that in a LR-DLSPP waveguide, the electric fields above and below the gold stripe should be as balanced as 
possible in order to minimize propagation losses [8]. Furthermore, in order to enhance the effectiveness of loss 
compensation by the gain material, the confinement of the mode into the gain region should be maximized. Both 
effects can be related as 

αnet =α loss−Γgmat (1) 
 

where αnet is the net modal loss in dB/cm, αloss is the propagation loss of the passive structure in dB/cm, Γ is the 
fraction of optical power overlapping with the gain region, and gmat is the material gain provided by the material 
utilized in the gain region. αloss finds a minimum at the point of electric field balance. Figure 3 (a) shows this 
effect applied to Structure 1. For each ridge size, there is a thickness of the buffer layer that minimizes the losses. In 
the case of Structure 1, as the ridge height is increased for a given ridge width, a thicker buffer is required to 
balance the electric field above and below the gold stripe. The power confinement to the active gain region (Figure 
3 (e)), which in this case is the buffer layer, follows the opposite trend. The thinner the ridge, the more the mode 
is pushed towards the active buffer layer. Figures 3 (b)-(d) shows the combined effect for different values of the 
material gain of the buffer layer. Figure 3 (f) shows the evolution of the lateral mode dimension as a function of 
buffer thickness for different ridge dimensions. 
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Figure 3. Effect of different geometrical parameters on the performance of Structure 1: (a)-(e) Net loss versus 

buffer thickness for a ridge width of 1.6 µm and different ridge heights. Material gain investigated are 0, 35, 106 
and 246 dB/cm; (e) Power confinement in active area; (f) Lateral mode width. 

 

 
Figure 4. (a) Net loss for Structure 2 with no gain, ridge height of 0.8 µm and several ridge widths; (b) Net loss 

when using material gain of 106 dB/cm; (d) Power confinement in active area; (d) Lateral mode width. 
 

Similar set of simulations were carried out for Structure 2 (Figure 4). The much larger confinement to the 
active region, in this case the waveguide ridge, permits a much more efficient utilization of the material gain for 
plasmonic loss compensation. Figure 5 shows the mode profiles of the waveguide geometries requiring the 
smallest material gain to achieve full loss compensation. A minimum material gain of 37 dB/cm is required 
for Structure 1 (ridge dimensions 1.6x1.6 µm2 and buffer thickness 0.37 µm). A gain as small as 12.5 dB/cm 
suffice to fully compensate propagation losses in Structure 2 (ridge dimensions 0.8x0.8 µm2   and buffer 
thickness 0.35 µm). This latter structure supports a propagation mode with sub-micron lateral dimension (0.92 
µm). 
 
5. CONCLUSIONS 
The  structures considered  in  this  paper  show  a great potential to  reach  the goal of loss compensation  in 
plasmonic waveguides and are promising for plasmon amplification and lasing. The low material gain required 
to compensate propagation losses, 37 dB/cm in Structure 1 and 12.5 dB/cm in Structure 2 broadens the range of 
gain materials that can be utilized. RE-doped double tungstate gain materials were selected in this study due to 
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their  very  good  match  of  refractive  index  with  the  materials  utilized  in  the  structure  and  the  
interesting characteristics  of  the  gain  they  can provide.  Experimental demonstration  of  the  considered 
structures will constitute the next milestone on the way towards lossless plasmonic waveguides. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.2-D mode profile (Re[Ey]): (a) Structure1 with ridgedimensions 1.6x1.6 µm2and buffer height of 
0.37 µm;(b)Structure2 with ridge dimensions 0.8x0.8 µm2and buffer height of 0.35 µm. 
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ABSTRACT 
The density in magnetic recording media continues to increase strongly. New technologies are now under 
investigation including energy assisted magnetic recording (EAMR). Using a near-field optical probe, a spot size 
of less than 50 nm x 50 nm can be created on the surface of the magnetic media. The E-field intensity at the 
surface is such as to strongly heat the medium above the Curie temperature with a large temperature gradient.  
Details of our recent modeling studies using FEM analysis will be presented in which we will show the design of 
the near-field transducer that can produce a very significant temperature increase while preserving a long 
lifetime of the transducer, a very necessary condition for this technology to become a reality. 
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ABSTRACT 
With modern simulation methods, it is possible to model photonic crystals and photonic devices from the bottom 
up, starting with the atomic and electronic structure of the underlying dielectrics. To this end, one has to combine 
the fastest and most accurate modern ab initio simulation methods based on Density Functional Theory (DFT) 
with programs that directly solve either Maxwell’s equations or the related wave equations for a given complex 
combination of dielectrics. This leads to some sort of multi-scale approach to computational photonics. We 
present various technical aspects of the underlying simulation methods, and give some illustrative examples.  
 
Keywords: Dielectric properties, density functional theory, photonic band structure, photonic crystals. 

1. INTRODUCTION 
Although our general knowledge of photonics is pretty advanced [1], one often realizes in practice that the basic 
materials aspects cause most of the difficulties in achieving certain functionalities within a given frequency 
range. Stresses/strains, cracks, diffusion, impurities, dislocations accompany any production process that aims at 
the layout of a complex dielectric matrix for a given application. Sometimes we do not even know the best 
possible materials for given frequency range, because any combination of standard materials for other frequency 
ranges will not show the required dielectric contrast, or be plagued by massive losses in that specific frequency 
range. And also from a purely structural point of view, while searching for a rather specific functionality, we 
might even want to deviate from standard photonic matrices, and give up periodicity to a certain extent.   

Therefore it is clear that the optimization of the fabrication processes will also require a proper modelling of 
the dielectric matrix, which amounts to perform some sort of computer experiments on a given system, changing 
the arrangement of real and photonic atoms (layers, columns, spheres). In this sense numerical simulations might 
actually serve as some sort of guiding line for real experiments and synthesis processes, because without a 
proper optimum layout of the dielectric matrix, the whole process of creating a specific photonic device might 
turn out to be far too costly and time consuming.   

As many of the physical or chemical processes that accompany the synthesis and layout of a dielectric matrix 
have their causes in the atomic structure of the dielectric components, it is crucial to have a detailed 
understanding of the optical properties of materials already at the atomic scale. The method of choice are modern 
ab initio methods based on Density Functional Theory (DFT) ([2]-[3]), as described and illustrated in Section 2.  

Once the dielectric tensor is known for various dielectric components, we can include this information into the 
macroscopic Maxwell equations, and solve them for a given scenario. Some of the most important applications 
are photonic crystals and their related photonic band structures [4], which will be described and illustrated in 
Section 3. We will close with a short summary and outlook.    

2. AB INITIO DETERMINATION OF THE DIELECTRIC TENSOR 
The most direct approach to determine the dielectric tensor ε within the framework of DFT is the evaluation of ε 
in the basis of Kohn-Sham orbitals, as described below. However, such a straightforward approach will exclude 
local field effects. The latter may nevertheless be included using advanced numerical techniques like Density 
Functional Perturbation Theory (DFPT) [5]. We will give a short summary of the basic formalism, and discuss 
some illustrative examples for cubic diamond and rhombohedral α-boron using a plane-wave based ab initio 
package called VASP [6]-[9].   

2.1 Density Functional Theory and Dielectric Properties.  
Within DFT, the electronic part of a complex molecular or solid system is represented by an energyfunctional 
E[n], which depends on the one-particle density n. Within the Kohn-Sham approximation, E[ψi,n] is also 
supposed to depend on the one-electron orbitals ψi from which n is built [3]:  

[ ]nEVTnE HXCiext

occ

i
ii ++= ∑ ψψψ ],[              (1) 

The first term in equation (1) denotes the matrix elements of the kinetic energy T and the external potential Vext, 
whereas the density dependent part EHXC includes the classical electron-electron interactions, as well as exchange 
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and correlation effects. The art of doing DFT is to somehow guess the most accurate approximate form of this 
important last term EHXC [3].  

Once a proper approximation for EHXC is in place, the ground state of the electronic system is obtained by 
minimization the energy functional E[ψi,n] with respect to the orbitals, which leads to a system of coupled one-
particle equations (Kohn-Sham equations [3]): 

iiiH ψεψ =  with 
n

EVTH HXC
ext δ

δ
++=              (2) 

This system of Kohn-Sham equations has to be solved self-consistently, and the best numerical strategy consists 
of mapping equation (2) on a system of linear equations, simply by expanding the orbitals ψi into various 
suitable basis sets, in particular Gaussians and plane waves. The latter are very popular for simulating solid 
systems, as they are a natural choice for representing Bloch states. But a plane wave basis set also allows for an 
efficient use of FFT techniques [8]-[9], as well as an easy implementation of pseudopotentials and related 
concepts [10].   
Once the orbitals ψi have been determined by solving equation (2) self-consistently, one may directly evaluate 
the imaginary part of the frequency-dependent dielectric tensor ε for a given plane wave basis set as follows (see 
[11]):  
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Ω

= ∑         (3) 

Here Ω is the volume of the unit cell, the indices c and v refer to conducting and valence states respectively. 
Furthermore within the K-space related to the plane wave basis, the wK represent integration weights, and ucK is 
the cell-periodic part of the orbital Bloch states. From the knowledge of the imaginary part of ε described in 
equation (3), the real part of ε may be determined with the help of the Kramers-Kronig relations, as described in 
[11]. Note that expressions like equation (3) will not include local field effects. But the latter may be included 
using Density Functional Perturbation Theory (DFPT, see [5], [11]), or using the so-called GW method [12]. 

2.2 Examples: First Principles Dielectric Tensors for Diamond and α-Boron.  
In Fig. 1 we show some examples for a first principles determination of the frequency-dependent dielectric 
tensor using VASP. We used the PAW method [10] for the representation of the ionic cores, and excluded local 
field effects [11]. Our results are nevertheless in good agreement with previous measurements and simulations.  

 
Figure 1. Real and imaginary parts of the dielectric tensor ε for cubic diamond (left) and rhombohedral α-boron 

(right). The calculated values span a technologically interesting energy range from the UV to the IR. 

 

Note that diamond has cubic symmetry, and therefore the diagonal elements of the dielectric tensor ε are all 
equal. Whereas in the case of rhombohedral α-boron, the orientation of the main axes for the dielectric tensor are 
different from the orientation of the three lattice vectors, which results in an anisotropic dielectric tensor. The 
general behaviour of the dielectric properties is also in agreement with the Lorentz oscillator model [1]. The real 
part of ε is positive for frequencies below resonance, zero at resonance, and negative above resonance, and also 
the imaginary part of ε still resembles the Lorentzian predicted by the oscillator model model [1].   
Furthermore the oscillator model also tells us about the asymptotic behaviour of the dielectric tensor. The real 
part of ε is supposed to go to a constant ε∞ at low frequencies, and ε should approach a value of 1 from below at 
higher frequencies (i.e. the typical realm of x-ray diffraction!). On the other hand the imaginary part of ε should 
go to zero for low as well as high frequencies. We see that the numerical simulations are also able to reproduce 
this general behaviour in a reasonable fashion.     
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3. PHOTONIC BAND STRUCTURE CALCULATIONS 
After a first principles determination of the dielectric tensor ε the next step of the multi-scale approach consists 
of plugging that tensor into Maxwell’s equations, and solve the latter for certain scenarios. In most cases, the 
solution to Maxwell’s equations can only be found numerically, and sometimes the non-idealized (i.e. complex) 
numerical ε may actually lead to rather surprising results that challenging common textbook wisdom [13]. In this 
section however we only focus on lossless homogeneous dielectric materials, and explore the photonic band 
structures of complex photonic crystals made of such components. Our methods of choice are frequency domain 
methods [4] based on a plane-wave basis set [14]-[15]. In the following, we will sketch the basic formalism, and 
discuss an illustrative example from a detailed study of complex 2D Archimedean photonic crystals [16].  

3.1 Frequency Domain Methods 
Frequency domain techniques are a popular approach to predict the optical behaviour of photonic crystals and 
related photonic devices. The materials properties of the underlying complex dielectric matrix will enter 
Maxwell’s equations through a position dependent and periodic ε(r), whereas we assume μ ≈ 1 for most 
applications. The fluctuating ε(r) may be pictured as a periodic dielectric matrix made of various homogeneous 
components, each of them characterized by a specific ε. Light within such a periodic dielectric medium tends to 
form standing Bloch waves, and the major numerical task consists of the determination of these Bloch waves by 
solving the wave equation for the related magnetic field H(r), subject to a transversality condition (no free 
charges and currents):  
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It must be pointed out that the H(r) are Bloch waves, in analogy to electronic Bloch states within solid systems. 
Therefore the eigenvalues of equation (4) imply a dispersion relation ω(K), and thus a photonic band structure. 
Of particular interest are the band gaps within a given photonic band structure, because the band gaps correspond 
to decaying optical states, and ultimately lead to omnidirectional total reflection for a certain frequency range.  
By expanding the photonic Bloch waves into a plane-wave basis set, one may map the eigenvalue problem of 
equation (4) onto a system of linear equations. A proper discretization of ε(r), the implementation of FFT 
techniques as well as band-by-band conjugate-gradient minimization techniques are the key features for the 
development of fast and memory efficient algorithms to determine H(r) [14]-[15]. However, none of these 
numerical algorithms is really restricted to real and lossless ε(r) [4], and some of the more general cases are 
actually implemented in the software package MPB [15] issued by MIT.  
Note that once we know the magnetic field H(r), the corresponding electric field E(r) may easily be determined 
from: 
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3.2 Example: Gap Maps for 2D Archimedean Photonic Crystals.   
For many technological applications like photonic wave guides or photonic fibres (see [1] and [4]), it is 
important to have a way of predicting the size of the photonic band gap as a function of important structural 
parameters (gap maps). In Fig. 2 we reproduced such a photonic gap map for a complex Archimedean tiling, 
where the band structure calculations has been performed using our own domestic software package [14].  
 

 
Figure 2. Archimedean tiling 4621 (left) and the corresponding gap maps (i.e. size of gap vs. radius) for columns 

in air (middle), and air holes drilled into a dielectric matrix. For our simulations we chose ε=11.3 for the 
dielectics, and ε=1 for air. Blue colors indicate TM band gaps, red colors indicate TE band gaps.   

Our results reveal a number of overlapping regions for band gaps, which corresponds to in-plane and out-of-
plane polarizations of the photonic Bloch waves. As the band gap for each of the polarization of a given Bloch 
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wave implies omnidirectional total reflection within the plane, the overlap regions actually indicate 
omnidirectional total reflection for all polarizations.  
The purpose of such studies is to understand the appearance of robust and wide omnidirectional band gaps as a 
function of structural complexity. This knowledge should become most useful for frequency ranges, where the 
only available dielectric materials show a rather narrow range of dielectric contrasts. As small dielectric contrast 
implies rather narrow photonic band gaps for the known standard systems with photonic band gaps (for a survey 
see [4]), the only promising strategies to develop working photonic devices within these frequency ranges could 
be the introduction of structural disorder to localize propagating optical modes within a certain frequency ranges,   
and/or modifications of the basic dielectric components on the atomic scale, already. Both approaches are 
perfectly covered by the multi-scale approach described above.          

4. CONCLUSIONS 
We discussed the key numerical elements of a multi-scale approach to model complex photonic structures and 
devices. One component is the proper numerical determination of dielectric properties from first principles, 
based on modern ab initio DFT methods. The second component is a numerical solution to Maxwell’s equations 
and/or the related wave equations, as exemplified for plane wave based frequency domain methods to determine 
the band structure of photonic crystals. We sketched the theoretical background of both numerical components, 
and discussed some illustrative examples.   
We believe that the multi-scale approach should become most useful in frequency ranges, where there is little 
dielectric contrast, and where only a proper combination of suitably nanostructured materials and a very specific 
layout of the resulting complex dielectric matrix might actually lead to functional photonic devices.          
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ABSTRACT 
The Goos-Hänchen effect at light transmission through a one-dimensional magnetic photonic crystal with a 
complex defect layer composed of an electro-optic and magneto-optic material is investigated theoretically. The 
influence of the position of the defect layers as well as the presence of a permanent external electric field on the 
Goos-Hänchen shift is investigated, taking into account the frequency dispersion of the permittivities of the 
system. 
 
Keywords: Goos-Hänchen effect, magnetic photonic crystal, electro-optics. 

1. INTRODUCTION 
During the last decades photonic crystals (PCs) are intensively investigated because of their promising 
applications in modern photonics [1]. The PCs are artificial structures composed of materials with different 
refractive indices and periodic in one-, two-, or three dimensions, with periods comparable to the wavelength. If 
the periodicity of a PC is destroyed via the introduction of an extra element inside the periodic structure, a new 
narrow peak called “defect mode” arrives inside the photonic band gap (PBG).  

In this communication, we investigate a one-dimensional PC composed from finite-size magnetic PCs spaced 
by complex defect composed of MO and EO sublayers. The transmittivity of the EO/MO bilayer is very 
sensitive to the action of an external electric field [2, 3]. It should expect that such EO/MO bilayer embedded 
into the magnetic PC will demonstrate new peculiarities in optical and MO effects in transmitted light, for 
example, Goos-Hänchen (GH) effect. 

2. MODEL AND NUMERICAL RESULTS 
Please check spelling in your paper and do not use automatic hyphenation. Additionally, be sure your sentences 
are complete and that there is continuity within your paragraphs. Check the numbering of your graphics and 
make sure that all appropriate references are included. 

We consider a finite size 1D periodic photonic system composed of three PCs of structure  
( )nNM  with a period D=dN+dM, where layer N is gadolinium-gallium garnet (GGG) Gd3Ga5O12 with thickness 
dN, and layer M is yttrium-iron garnet (YIG) Y3Fe5O12 with thickness dM, and two defect layers placed between 
these PCs, as shown in Fig. 1. The layers of the PC are located in the xy-plane and the z-axis is normal to the 
interfaces. The defect layers consist of an EO ZnSe film of thickness dEOL and a MO film of bismuth-iron garnet 
(BIG) Bi3Fe5O12 of thickness dMOL. Between these defect layers m periods of the PC are placed. We assume that 
the magnetization vectors M in the YIG and BIG films are parallel to the z-axis. A DC external electric field E0 
is applied to the system in an arbitrary direction.  

 
Figure 1. Schematic picture of 1D PC with two defect layers: ( ) ( )( ) ( )( )nmn NMMOLNMEOLNM . Here ki, kr and kt 

denote wave vectors of the incident, reflected and transmitted light, respectively, θ is the incidence angle. 

mailto:igorl@fti.dn.ua


MINAP 2012 

96 
 

The EO effects consist of a change in the optical properties of a material in response to an electric field. The 
tensor of the dielectric permittivity of the EO materialcan be represented as a power series on the applied electric 
field strength E0as ( ) ( ) ,...000

1
0

1 +++= lkijklkijkijij EERErεε  where ( )1
0 ijε  is the permittivity without external electric 

field, ijkr  and ijklR  are linear and quadratic EO tensors, respectively. The form of the EO tensors and the nonzero 

components of ijkr  and ijklR  for ZnSe can be found in [4]. The transmittivity in the photonic structure described 
above is calculated by means of a 44×  transfer matrix method with taking into account the frequency dispersion 
of the dielectric permittivities ( )iε̂  of the PC constituents in the near infrared regime. 

The GH effect consists in a lateral shift of the reflected and transmitted light relatively to the position 
followed from the geometry optics. The transmitted beam demonstrates a space shift relatively to the incident 

wave packet on the length 
zk

X
∂
∂

=∆
ψ̂ˆ , where ( ) ( )( )TT ˆReˆImarctanˆ =ψ  is phase difference of the transmitted and 

incident light. 
Results of the numerical calculations are presented in Figs. 2, 3, and 4. Thicknesses of the layers in the PC 

are taken to be dN=0.25μm, dM=0.33μm, dEOL=6.42μm, and dMOL=0.58μm. The total number of periods of the 
PC is fixed to 24. An external electric field is of magnitude E0~10 MV/m.  

 

 
Figure 2. Transmittivity spectra of p-polarized light for PC  (a), normalized GH 

shifts ssX∆  (b) and psX∆  (c) with incidence angle 30 , in the absence of E0, andin the cases of an external 

electric field E0 applied in directions (101) and ( )110  with and without taking into account the frequency 
dispersion of ( )iε̂  

 

( ) ( )( )( )1212 NMMOLEOLNM
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Transmittivity spectra in the first PBG for s- (p-)-polarized incident light, normalized GH shifts 0kX ss ⋅∆  (

ppX∆ ) and psX∆  ( spX∆ ) for the PC ( ) ( )( )( )1212 NMMOLEOLNM  at the incidence angle 30  are plotted in Fig. 

2 (Fig.3) as functions of the frequency ω taking into account the frequency dispersion of ( )iε̂  without E0, and for 
E0 along the (101) and ( )110  directions (dash-dotted, solid and dotted lines, respectively), and without taking 

into account the frequency dispersion of ( )iε̂  with E0 along the (101) direction (dashed curve).  
The application of an external electric field leads to an increase of the DMs for s-polarized incident light. For 

p-polarized light, E0 results in a transmittivity shift towards the higher frequencies without sufficient increase of 
the DMs (see Fig. 3(a)).  

As one can observe from Figs. 2 and 3, two sharp minima of ijX∆  occur at frequencies which correspond to 

the DMs. Application of E0 leads to small enhancement of ijX∆ . Comparing Figs. 2(b), 2(c) and 3(b), 3(c) one 
can see that the reversal of the z-component of E0 results in significant decrease of minima and increase of 
maxima of GH shift of p-polarized transmitted light, whereas change of GH shift of s-polarized transmitted light 
is relatively small. It should be noted that spX∆  and psX∆  are equal only for E0 absence (see Figs. 6(b) and (d)). 

External electric field acts on s- and p-polarized EMWs in diverse way because of different changes of ( )EOLε̂  
components, which results in unequal GH shifts of cross-polarized transmitted light. One can see that taking into 
account the frequency dispersion of ( )iε̂  results in a PBG’s, as well as ijX∆  shift towards higher frequencies 
(see Figs. 2 and 3). 

 
Figure 3. The same as in Fig. 2 except for p-polarized light and ppX∆  (b) and spX∆  (c). 
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Figs. 4(a) and 4(b) show Ts and ssX∆  for s-polarized incident light as function of ω, at 30=θ , for different 
positions of the defect layers. Here E0 is applied along the (101) direction. One can see that the more periods of 
the PC are present between the defect layers, the lower are the DMs values. The high-frequency DM vanishes at 
a smaller number of periods between the defect layers in comparison to the low-frequency one. From Fig. 4(b) 
one can see that varying the defect layers position it is possible to damp or enhance ssX∆ . The largest negative 

GH shift can be obtained for the PC ( ) ( )( )( )1212 NMMOLEOLNM  at ω of the low-frequency DM. The behavior 
of all ijX∆  (i,j=s,p) is similar to one depicted on Fig. 4(b). 

 
Figure 4. Transmittivity spectra Ts for s-polarized incident light (a) and normalized GH shifts ssX∆  (b) at 

incidence angle equal to 30  for different positions of the defect layers  
in the presence of an external electric field. 

3. CONCLUSIONS 
We have calculated the GH shifts of the light transmitted through a 1D magnetic PC’s composed of GGG and 
YIG layers with electro-optic and magneto-optic defect layers. We have analyzed the influence of the defect 
layers position on the DM values as well as on GH shifts in the presence of an external electric field. Taking into 
account the frequency dispersion of the permittivities of the system leads to transmittivity and GH shift spectra 
drifts towards higher frequencies. 
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ABSTRACT 
In this paper we present the theoretical investigation of the one-dimensional dielectric photonic crystals with 

two complex defect layers. Both defect layers consist of ultrathin superconducting and dielectric sublayers 
symmetrically imbedded into the regular photonic structure. The influence of the position of the defect layers 
with respect to the center of the crystal on the photonic band gap spectra was theoretically investigated at 
different temperatures. The behaviour of the defect modes with different polarizations as a function of the 
superconducting sublayer thickness, is studied numerically at temperatures below the critical temperature of the 
superconducting sublayer. The pronounced contrast in behaviour of the transmittivity spectra of the x- and y-
polarized modes was demonstrated. Possibility of a governing the defect modes of the photonic crystals with two 
complex superconducting defects by changing the temperature and the incident light polarization is shown 
numerically. 
 
Keywords: photonic crystal, photonic band gap, defect mode, superconducting defect layer, transmittivity. 

1. INTRODUCTION 
During last years different photonic crystals (PCs) on the basis of the superconducting (SC) materials have being 
studied intensely both theoretically and experimentally [1]. The interest to the SC PCs is due to their applications 
in a new type of resonators [2] and microstrip filters based on 732 OCuYBa  which work in the gigahertz regime 
[3]. By tuning the temperature of the superconductor, the refractive index of the SC component can be changed, 
and as a consequence, the photonic band gap (PBG) can be controlled. The advantage of the SC PCs is a large 
tunability of the PBG, as it was demonstrated in the wide temperature interval in the SC state [4].  
The majority of papers about the SC PCs are devoted to study of the regular, i.e. non-defect, structures [Anlage]. 
In the recent papers [5] – [7] the influence of the complex defect layer consisting of the dielectric and SC 
sublayers leading to appearance of the narrow transmittivity peak inside the leading to appearance of the narrow 
transmittivity peak inside the photonic band gap (PBG) was studied theoretically. In present article we consider 
the peculiarities of the PBG spectra of the one-dimensional (1D) PC with two combined SC defect layers 
symmetrically embedded into the regular periodic structure. 

2. PHOTONIC CRYSTAL WITH SYMMETRICALLY IMBEDDED COMBINED 
SUPERCONDUCTING DEFECT LAYERS  

We consider finite-size 1D PC of the structure  D(BA)D(BA)(BA) NMN  in vacuum, where the layer A is the 
strontium titanate 3SrTiO  with thickness 1d , the layer B  is the aluminium oxide 32OAl  with thickness 2d . 
Each complex defect layer D consists of the 3SrTiO  sublayer defA  of thickness defd1  and the SC defect 

sublayer 732 OCuYBa  of thickness sd . The period of the regular structure is 21 ddD += . The PC's layers are 
located in the xy - plane and the z -axis is perpendicular to the interfaces. Two positions of the SC sublayers 
with respect to the dielectric defect sublayers are destinguished: the right-handed (RH) position, when the defect 
layer has the form SCAD def=  and left-handed (LH) position with defASCD = . In present paper we consider 
the finite PCs with symmetrical positions of the combined defect structures with respect to the PC’s center, 
referring them as RH - LH and LH - RH geometries, as shown in Figs. 1 (a) and 1 (b), respectively.  
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Figure 1. The schematic of the PCs with two complex SC defect layers: (a) RH-LH defect sublayers, and (b) the 

central part of the PC with LH-RH structure. 

We consider the case of normal incidence of the electromagnetic waves (EMWs) linearly polarized (with the 
electric field component along x- or y-directions) on the right-hand surface of the PC and calculate the 
transmittivity spectra by means of the transfer matrix method [8]. The details of the method are given in our 
previous paper [6]. In our consideration we used the frequency- and temperature-dependent dielectric 
permittivity tensor for 732 OCuYBa  with nonzero diagonal components ),( Txx ωε  and ),(),( TT zzyy ωεωε = , 

introduced in Ref. [9]. In the optical and near infra-red regimes the electrodynamic properties of 732 OCuYBa  can 
be described by a dielectric permittivity only with the magnetic permeability of 732 OCuYBa  1=sµ . 

3. NUMERICAL RESULTS 
For the numerical calculations we chose the unit cell numbers 5=N , 2=M , and the PC's period mD µ5=  
and the dielectric layer thicknesses Dd 42.01 = , and Dd 58.02 = . The thickness of the dielectric defect sublayer 
we choose to coincide with the regular layer thickness: mdd def µ1.211 == . The refractive indices for the PC's 

components are 437.21 =n  (for 3SrTiO ), and 767.12 =n  (for 32OAl ) [5, 6]. 

 

 
 Figure 2. The transmittivities )(xT  and )( yT  vs the normalized frequency and the defect SC sublayer 

 thickness d_{s} for T=4.2 K (a)-(c), (d) and for T=77 K (b), (d). The upper (a) - (c) and lower (d) - (f) Figs. 
correspond to RL – LH and LH –  RH geometries, respectively. 

In Figs. 2 we show the dependence of the transmittivity )(xT  for the x-polarized EMWs on the normalized 
frequency )2/( cD πω  within the first PBG and its vicinity and the SC sublayer thickness sd for the case of PC 
with RH - LH combined defects (Figs. 2 (a) and 2 (b)) and with LH - RL ones (Figs. 2 (d) and 2 (e)) calculated 
for the temperatures KT 2.4=  and KT 77= , respectively. In Figs. 2 (c) and 2 (f) one can see the 
corresponding dependence for the y-polarized light for the RL - LH and LH - RH geometries, respectively. We 
consider the variation of the SC sublayer thickness sd in the range of nm]700[ ÷ . The case of sd =0 nm 
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corresponds to the case of pure dielectric defect layers. In Figs. 2(a)- 2(f) there are two transmittivity peaks 
inside the PBG corresponding to two combined defect layers, which we refer as low-frequency (LF) and hight-
frequency (HF) defect modes. From Figs 2(a), 2(b), 2(d) and 2(e) one can see that the variation of the SC 
sublayer thickness in ranges of several tens of nanometers influence considerably on the PBG spectra of the x-
polarized EMWs, leading to the significant shift of both defect modes and the LF PBG edge to the higher 
frequencies in both RL - LH and LH - RH geometries. The HF edge’s shift is pronounced in the case of LH – RL 
geometry, while in the RH-LH one its position practically does not change. In difference from the x-polarized 
EMWs, the change in the spectra of y- polarized EMWs is not essential with variation of sd within the 
considering range for both geometries (see Figs. 2(c) and 2(d)).  

 
Figure 3. The transmittivity spectra for the x-polarized EMWs for RL-LH (a) and LR-RL(b) structures calculated 

for T=4.2 K . 

In Figs 3(a) and 3(b) we demonstrate the transmitivity profiles, calculated for the set of values of the SC sublayer 
thickness: nmds 20,15,10,9,5,0=  calculated at the temperature KT 2.4= . The case of the pure dielectric 

defect layers ( nmds 0= ) is characterized by presence of two symmetric transmitivity peaks 6.0)( ≈xT inside the 
PBG at 232.0)2/( ≈cDLF πω  and 558.0)2/( ≈cDHF πω , shown with the solid lines in Figs 3(a) and 3(b). The 
shifts of the LF and HF defect modes from their positions at 0=sd  are different. For example, for the RH - LH 
geometry 008.0)2/( ≈∆ cDLF πω (which corresponds to 3.01 THz) , while 013.0)2/( ≈∆ cDHF πω  (4.78 THz) or

nmds 10= . In the case of LH – RH geometry the corresponding shifts are approximately of the same values. 

 
Figure 4. The transmittivity spectra variation with growth of temperature for RL-LH (a) and LR-RL(b) structures 

for the case of nmds 10= . 

The presence of the SC defect sublayers results not only the shift of the defect modes to the higher frequencies, 
but the deformation of the spectra, which becomes unsymmetrical. For example, in the case of RL - LR 
geometry the increase of sd leads to the sharp growth of the LF defect mode’s magnitude up to 99.0)( ≈x

LFT  for 

nmds 9= . The further increase of sd  results the reduction of )(xT , as seen in Fig. 3(a). The HF defect mode 
decays monotonically with the increase of sd . In the case of LH – RH geometry the defect modes exhibit the 
opposite behaviour: the LH defect mode monotonically decays and the HF one reaches the maximal value of 

88.0)( ≈x
LFT  for nmds 5=  and drops down with further increase of the SC defect sublayer thickness. At the SC 
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thickness nmds 20=  the LF defect mode practically vanishes in LH – RH geometry, while in the RH – LH 

geometry it remains large enough: 58.0)( ≈x
LFT . 

Comparing the PBG spectra in Figs 2 (a) and 2 (b) (as well as in Figs. Figs 2 (d) and 2 (e)), one can see, that the 
temperature has a strong effect on the transmittivity values of the defect modes and the PBG edges.  

In Figs 3 (a) and 3(d) we present the PBG spectra calculated for the set of temperatures, including the 
temperatures of liquid helium KT 2.4= , liquid nitrogen KT 77=  and the critical temperature of 732 OCuYBa  

KTc 90=  for the SC defect layer thickness fixt to be nmds 10= . As one can see from Figs. 3 (a) and 3(d), the 
positions of the defect modes and the PBG edges do not shift with the temperature increase. Nevertheless, the 
magnitude of the defect modes changes essentially. In the RH - LH geometry the LF defect mode peak drops 
from 85.0)( ≈x

LFT  at KT 2.4=  to 32.0)( ≈x
LFT  at KT 90= . In the case of LH - RH geometry, the HF peak 

diminishes from 75.0)( ≈x
LFT  at KT 2.4=  to 2.0)( ≈x

LFT  at KT 90= . The spectra of y-polarized modes do not 
exhibit essential modifications with temperature growth in the considered interval.  

4. CONCLUSIONS 
In conclusion, we have investigated two geometries of the 1D PCs with two combined SC - dielectric defects. 
The behaviour of the transmittivity of x-polarized defect mode within the first PBG as a function of the 
normalized frequency and SC sublayer thickness is studied numerically. We showed that the change of position 
of the SC defect sublayer with respect to the dielectric defect sublayer, leads to serious modification of the PBG 
spectra of the x-polarized EMWs, in contrast to the y-polarized EMWs. The pronounced contrast in behaviour of 
x- and y-polarized modes is based on the in-plane anisotropy of dielectric tensor components of the SC sublayer. 
Our calculations are in agreement with the results obtained in Refs. [5, 6]. 

ACKNOWLEDGEMENTS 
This research is supported partly via projects FP7-PEOPLE-2009-IRSES "NoWaPhen" No. 247556 (N.N.D., 
I.L.L.) and COST Action MP0702 "Towards Functional Sub-Wavelengts Photonic Structures", partly via NRF 
grant through q-Psi, Korea (Y.P.L.), and partly via grants from NWO - the Netherlands Organization for 
Scientific Research (Th.R.). 

REFERENCES 
[1] S. M. Anlage, The physics and applications of superconducting metamaterials, J. of Optics, vol. 13, No.2, 

p. 024001, Febr. 2011. 
[2] E. D. Gennaro, et al., Hibrid photonic – bandgap accelerating cavities, New Journal of Physics, Vol. 11, 

113022, Nov. 2009. 
[3] H.-F. Huang, J.-F. Mao, X.-C. Li, and Z. Li, A photonic bandgap microstrip filter based on YBCO 

superconducting film, IEEE Transactions on Applied Superconductivity, Vol. 15, p. 3827-3826, March 
2005. 

[4] T.-H. Pei and Y.-T. Huang, A temperature modulation photonic crystal Mach-Zehnder interferometer 
composed of copper oxide high-temperature superconductor, J. Appl. Phys. Vol. 101, 084502, Apr. 2007. 

[5] I. L. Lyubchanskii, et al, A one-dimensional photonic crystal with a superconducting defect layer, J. Opt. 
A: Pure Appl. Opt., Vol. 11, p. 114014, Sept. 2009. 

[6] N. N. Dadoenkova, et al, A one-dimensional photonic crystal with a superconducting defect layer, J. Appl. 
Phys., Vol. 108, 093117, Nov. 2010. 

[7] J. Barvestani, Analytical investigation of one-dimensional photonic crystals with a dielectric- 
superconducting pair defect, Optics Communications, Vol. 284, no. 1, pp. 231-235, Jan. 2011. 

[8] D. W. Berreman, "Optics in Stratified and Anisotropic Media: 4 x 4-Matrix Formulation", J. Opt. Soc. Am., 
vol. 62, pp. 502-510, Apr. 1972. 

[9] H. Rauh and Y. A. Genenko, The effect of the superconducting surface layer on optical properties of a 
dielectric photonic composite, J. Phys. Cond. Mat., Vol. 20, 145203, March 2008. 

 

  



MINAP 2012 

103 
 

Thin-film solar cells with combined metallic enhancements 
Honghui Shen1, Aimi Abass2, Marc Burgelman2, Bjorn Maes1,3 

1 Photonics Research Group (INTEC), Ghent University-IMEC, Sint-Pietersnieuwstraat 41, 
B-9000 Gent, Belgium. 

2 Department of Electronics and Information Systems, Solar Cells Group, Ghent University, B-9000 Ghent, 
Belgium. 

3 Micro- and Nanophotonic Materials Group, University of Mons, Faculty of Science, 
Avenue Maistriau 19, B-7000 Mons, Belgium. 

e-mail: bjorn.maes@umons.ac.be 
 

ABSTRACT 
Plasmonic elements, such as metallic gratings, in thin solar cells have a strong potential to increase the solar light 
absorption. Here, we numerically describe devices where multiple elements are combined, to create a more 
broadband and spatially distributed absorption. For organic solar cells, we introduce both a front and a back 
metallic grating, and show that both features act independently to create enhancement pathways. For amorphous 
silicon solar cells we introduce a metallic back grating and a dielectric front structure. By choosing different 
periods for these separate gratings, coupling to guided modes with plasmonic or photonic character is strongly 
optimized.  

Keywords: Solar energy, surface plasmons, gratings. 

1. INTRODUCTION 
Thin absorbing layers in solar cells are desired to decrease the material costs, but also to enhance the electronic 
properties. Unfortunately thinner cells means that light has a greater probability to not be absorbed, therefore the 
field of light-trapping was created. Nowadays, active layers become so thin that traditional refractive elements 
become impractical. Therefore wavelength-scale dielectric features and subwavelength scale plasmonic features 
are introduced, in order to scatter light in more absorbing modes [1]. The inclusion of single elements already 
received much attention. However, the ultimate trapping structures will probably include various effects, and 
may therefore necessitate multiple scattering features. 

We propose combined devices both for the organic and amorphous silicon platform. The particular 
implementations depend on the modelled platform, as the material properties and thicknesses vary, but the 
techniques are more generally applicable. In the organic case we insert metallic gratings on both the front and 
back side of the cell. For the amorphous silicon cell we introduce a dielectric and a metallic grating, with varying 
periods. 

2. COMBINED PLASMONIC GRATINGS 
Our proposed structure with metallic gratings on the front surface and on the back metallic electrode is shown in 
Fig. 1(a). The integrated absorption versus angle of incidence is shown in Fig. 1(b). A strong enhancement with 
respect to the planar case is observed, which is kept even for relatively large angles of incidence. 

 
Figure 1 (a) Double grating geometry for an organic structure. (b) Integrated absorption versus angle of 
incidence in the case of combined grating (blue), front grating only (green), back grating only (red) and flat 
reference structure (grey). 

 
The operation of the device is elucidated by comparing the absorption spectra with the dispersion of Bloch 

modes of the structure [2]. Strong absorption peaks appear for the coupling to Bloch plasmonic modes, which in 
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this structure have a mixed localized (around the grating teeth) and propagating (along the back surface) 
character. Particular angular dependence stems from the tuning of so-called ‘bright’ (symmetric) and ‘dark’ 
(anti-symmetric) modes [3]. 

By superimposing the spectrum for single grating and double grating cases, we observe that the particular 
offset structure here provides an independent operation of both gratings. The offset creates resonances in 
separate wavelength areas that ultimately provide a broadband enhancement. 

3. MULTIPERIODIC GRATINGS 

Previously, we reported the combination of dielectric and metallic gratings in an amorphous Si context [4], 
leading to different functionality for both gratings. Here, we further optimize this structure by using different 
periods for both gratings, see Fig. 2. 

 
Figure 2 (left) Geometry with A: same period front and back; B: same period but offset; C: doubled period for 

the back grating. 

A clear absorption enhancement of the double grating structure (C, blue curve in Fig. 2) is observed. A main 
contribution is that the doubled period bottom grating couples well to the plasmonic mode, giving a first order 
diffraction. In contrast, the top ITO front grating couples well to the photonic mode, again as first order. 
Dispersion calculations and period optimizations therefore lead to clear diffraction enhancements. 

4. CONCLUSIONS 
The inclusion of multiple elements is the next step towards ideal, broadband light-trapping devices. Here we 
introduce two pathways. First, the combination of front and back metallic gratings provides superimposed 
enhancements. Second, the optimisation of periods for dielectric and back gratings optimizes the coupling to 
modes of different character. These general techniques are useful for multiple thin-film solar platforms. 
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ABSTRACT 
Recent years have seen an expansion of research on metamaterials with engineered permeability different from 
unity. Metamaterials fabricated from components with large values of dielectric permittivity exhibit 
susceptibilities larger than existing in natural materials. Existence of metamaterials composed of subwavelength 
elementary cells creates a need for an analog of a scanning near-field optical microscope where the cell is 
illuminated with a concentrated longitudinal component of magnetic field of electromagnetic wave.  
We present two types of probes for a future scanning near-field magnetic microscope useful for measurements of 
magnetic responses of elementary cells within the visible 400-800 nm range. The first one is a tapered silica fiber 
with radial metal stripes separated by equidistant slits of constant angular width. The second probe is a radially 
corrugated, tapered, metal-coated fiber with aperture at the apex. Generation of the longitudinal magnetic field 
component is possible due to internal illumination with azimuthally polarized light. In FDTD simulations we 
examine performance of the probes, that is their properties in terms of a full-width at half-maximum of the focus 
versus energy throughput efficiency. 
 
Keywords: optical magnetism, plasmonics, magnetic metamaterials, scanning microscopy, corrugated probes. 

1. INTRODUCTION 
Pendry et al. [1] have shown that artificial materials composed of elementary cells fabricated from nonmagnetic 
conducting elements have effective magnetic permeability different from unity. Urzhumov and Shvets [2] 
presented theoretical formulas for the frequencies and strengths of electric and magnetic resonances valid for any 
periodic metallodielectric nanostructures operating in the plasmonic regime. More recently, Merlin [3] 
considered a metamaterial composed of split rings and spherical inclusions. He showed that if a metamaterial is 
made of substances with the imaginary part of permittivity dλε > >'' , where λ>>d is the wavelength in 
vacuum and d is the characteristic length of the particles, then strong diamagnetic or paramagnetic behaviour 
characterized by susceptibilities whose magnitude is significantly larger than that of natural substances is 
possible. According to Merlin, the strength of magnetic effects diminishes with decreasing wavelength. 
Existence of metamaterials composed of subwavelength elementary cells made of materials with large values of 
the permittivity creates a need for an analogue of a scanning near-field optical microscope (SNOM) where in 
search of a magnetic response the cell is illuminated with a concentrated longitudinal component of magnetic 
field of electromagnetic wave.  

The idea of scanning near-field magnetic microscope (SNMM) can be realized in different ways. Burresi et al. 
[4] have reported on near-field detection of the magnetic field of light using an aperture SNOM probe with a 
split ring resonator (SRR) in the aperture plane. Aperture probes without an SRR at the tip end were used for 
passive measurements of the magnetic component of modes excited in photonic crystal cavities coupled to 
waveguides [5-6]. The electric and magnetic resonances of a properly oriented SRR can be independently tested 
by means of a y-polarized TEM10 mode (y-polarized HG01 mode) with a strongly focused on-axis longitudinal 
magnetic field Hz and off-axis Ey components as proposed by Banzer et al. [7]. 

In this technical note we present two types of tapered along the z direction dielectric probes with discrete [8] or 
continuous metal coating which concentrate longitudinal magnetic field of light in the near field of their apexes. 
Cross sections of the probes are shown in Figure 1a and b – the larger pictures show cross sections far away from 
the apex, while the smaller ones at the apex. The probes have internal azimuthally polarized illumination coupled 
to plasmons due to momentum matching on radial gratings. The gratings have continuously changing period 
what allows for efficient coupling within a wide spectral range. Plasmons with a strong azimuthal component 
propagate towards the apex where they form an azimuthal current in the metal which results in generation of a 
strong longitudinal magnetic field Hz. 
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Fig. 1a. Cross section of a tapered silica fiber with 
radial metal stripes separated by equidistant slits of 
constant angular width. 

Fig1b. Cross section of radially corrugated, tapered, 
metal-coated fiber with aperture at the apex. 

2. TAPERED DIELECTRIC PROBES WITH RADIAL STRIPES 
Magnetic concentrators of the first type are made of dielectric dispersionless fibers with core diameter equal 3.2 
μm which taper smoothly from their regular diameter to the apex. In the simulations we accept a taper half-angle 
equal to 40°. The metal lands and the slits have constant angular width equal π/8 (eight periods total). The metal 
lands are made of Ag or Al with thicknesses h varied from 0 to 100 nm. They are modeled using Drude 
dispersion ε(ω) = ε∞ − ω2

p/[ω(ω + iΓ)] fitted to experiental data obtained by Johnson and Christy [9] for Ag with 

parameters equal ε∞ = 3.70, ωp = 13673 THz, and Γ = 27.35 THz. For Al we use data from Ordal et al. [10] with 

fitting parameters ε∞ = 4.39, ωp = 12062 THz, and Γ = 1009 THz. 
Figures 2 and 3 show full-width at half-maximum (FWHM) of the longitudinal magnetic field component Hz 

calculated 10 nm from the apexes of probes with Ag and Al stripes, respectively. In both cases the stripe 
thickness changes from 0 to 100 nm. For the largest thickness considered FWHM values are better than half a 
wavelength. In the case of thin metal stripes plasmons radiate into an azimuthally polarized beam before 
reaching the apex and diffraction enlarges the spot size considerably. In the whole range of wavelengths FWHM 
values available with Al stripes monotonically grow with increasing wavelength. This regularity suggest that 
aluminum is a better choice for stripe metal than silver. 

  
Fig. 2. A tapered dielectric probe with radial Ag 
stripes. Full-width at half-maximum of the longitudinal 
magnetic field component Hz calculated 10 nm from the 
apex for Ag stripe thicknesses h ∈ [0, 100] nm. 

Fig. 3. A tapered dielectric probe with radial Al 
stripes. Full-width at half-maximum of the longitudinal 
magnetic field component Hz calculated 10 nm from the 
apex for Al stripe thicknesses h ∈ [0, 100] nm. 

In near-field of probe apexes not only the longitudinal, accumulated at the z-axis, component of magnetic field 
is present but also an azimuthal component of the electric field with its energy density increasing away from the 
z-axis. Figures 4 and 5 present a comparison of magnetic energy density of Hz and electric energy density of Eφ 
integrated over an area of diameter equal to the FWHM of Hz. In probes with silver stripes this magnetic-to-
electric energy density ratio is higher than in those with Al stripes. It is because a narrow Hz needle is generated 
by azimuthal currents Jφ flowing through the set of stripes and virtual displacement currents in grooves. Those 
currents are larger in silver which is less lossy than aluminum. For both metals the optimum stripe thickness is 
within the range from 40 to 100 nm. 
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Fabrication of probes with radial metal stripes completely separated by narrowing along the probes grooves is 
not an easy task. The use of focused ion beam etching is still possible in well equipped laboratories only. Below 
we propose another geometry of a concentrator of longitudinal magnetic field component of light. 

  
Fig. 4. A tapered dielectric probe with radial Ag 
stripes. Integrated magnetic energy density of Hz to 
integrated electric energy density of Eφ ratio for Ag 
stripe thicknesses h ∈ [0, 100] nm. 

Fig. 5. A tapered dielectric probe with radial Al 
stripes. Integrated magnetic energy density of Hz to 
integrated electric energy density of Eφ ratio for Al 
stripe thicknesses h ∈ [0, 100] nm.. 

TAPERED DIELECTRIC METAL COATED RADIALLY CORRUGATED PROBE 
Currently we fabricate SNOM probes in the form of apertured metal-coated tapered fibers where light 

propagating in the fiber core is coupled to surface plasmons on corrugated core-metal coating interface [11-13]. 
When corrugations are made along the cone surface, internal linearly polarized illumination allows for energy 
throughput enhancement with respect to that possible in probes without grating coupling.  

To generate the longitudinal magnetic field component Hz we need azimuthal current Jφ on the edge of a tip 
with continuous metal coating of thickness 60 nm. This is possible when internal azimuthally polarized 
illumination is coupled to plasmons on radially corrugated core-metal coating interface (Figure 1b). Simulated 
performance of such a probe with Al coating in presented in Figures 6 and 7. FWHM of the longitudinal 
magnetic field component Hz calculated 10 nm from the apex becomes narrower than that of uncorrugated 
probes for grooves 40 nm deep and more. In comparison with results shown in Figures 2 and 3 the radially 
corrugated probes gives better FWHM values especially for short wavelengths. Ratio of magnetic energy density 
of Hz to electric energy density of Eφ integrated over an area of diameter equal to the FWHM of Hz is is virtually 
independent on depth of grooves. The ratio reaches values one order of magnitude bigger than those possible 
with probes with radial stripes. 

  
Fig. 6. A tapered dielectric probe with continuous Al 
coating and radial corrugations h ∈ [0, 60] nm deep. 
Full-width at half-maximum of the longitudinal 
magnetic field component Hz calculated 10 nm from the 

Fig. 7. A tapered dielectric probe with continuous Al 
coating and radial corrugations h ∈ [0, 60] nm deep. 
Integrated magnetic energy density of Hz to integrated 
electric energy density of Eφ ratio. 
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apex. 
Recently, in an effort to find an easy method to fabricate magnetic field concentrators other geometries were 

proposed [14]. Lee et al. [14] use external illumination and grating-coupling to surface plasmons onto metallic 
tips. Concentration of Hapex-field and at the same time strong suppression of Ez-field is achieved for double-sided 
illumination in the the H-symmetric (E out-of-phase, H in-phase) or E-antisymmetric (E field out-of phase, H 
field in-phase) surface plasmon excitation schemes. 

CONCLUSION 
An advantage of the proposed magnetic field concentrator is that it may be employed as a scanning near-field 
probe with shear force control of the probe-sample distance. This distance of single tens of nanometers allows 
for illumination of individual elementary cells of an arrayed metamaterial. Linear dimensions of those cells 
should be slightly smaller than FWHM values 160 nm and 80 nm achievable for dielectric probes with radial 
metal stripes and dielectric probes with continuous metal coating and radial corrugations, respectively. Near-
field illumination excites resonances in an elementary cell and |E|2 of scattered light is recorded with a square 
detector in the far-field. 
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ABSTRACT 
A new implementation of bidirectional eigenmode expansion and propagation algorithm for the modeling of 
three-dimensional waveguide structures is presented. The eigenmodes, which are used for expansion of unknown 
field, are searched numerically using a full vector finite-difference or finite-element modesolver. The technique 
is applied to the modeling of high-Q one-dimensional photonic crystal nanocavity and its results are compared 
with results obtained by three other independent techniques. 
 
Keywords: eigenmode expansion, numerical modeling, photonic crystals, high-Q nanocavities 

1. INTRODUCTION 
Currently, as photonic and/or plasmonic nanostructures are becoming very attractive components for photonics 
devices, among other important experimental and technological aspects, new modeling activities are of high 
interest in connection towards their direct application to realistic 3D problems to be solved and optimized. 
Clearly, such demands necessitate very efficient and reliable computational methods. One possibility is to 
perform rigorous simulation in the frequency domain using analytical modal techniques, such as the bidirectional 
eigenmode propagation [1] (BEP, also known as the mode matching method), which are based on the expansion 
of the unknown field into a set of the orthogonal waveguide modes. This approach is particularly advantageous 
for the structures composed of longitudinally uniform waveguides (“sections”). In principle, the modal methods 
can deal with the structures of arbitrary length (the number of the sections can influence only the total 
computational time) and readily provide device characteristics such as transmission, reflection or radiation loss. 
Recently, this approach has been extended to 3D structures [2,3]. Waveguide modes have been calculated using 
the finite-difference technique under the semi-vector approximation [2] or in the full-vector formulation [3].  

 
Figure 1. The photonic crystal cavity device coupled to a waveguide. The cavity is formed by the InP sections, 

the waveguide functions as input/output coupler. The 3D view only shows the Si and InP sections. The structural 
parameters are described in the text. 
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In this work, we briefly report about simulation of photonic crystal nanocavities using our own implementation 
of full-vector BEP for 3D structures. Moreover, we present comparison with other established techniques. Short 
description of the all techniques is the following. 

• Bidirectional eigenmode expansion and propagation algorithm (BEP) was implemented at Brno 
University of Technology. We have used two different full vector techniques for searching of 
eigenmodes: a freely available finite-difference modesolver [4] and/or a finite-element commercially 
available software COMSOL Multiphysics.  The techniques were effectively combined with the 
propagation algorithm of numerically-stable scattering matrices where the interface matrices were 
determined from overlap integrals of modal fields [2,3,5]. Resonance wavelength and Q factor are 
calculated from eigenvalues of reflectivity matrix. 

• The finite-difference time-domain (FDTD) method, using a freely available software package [6].   
• The time-harmonic, higher-order 3D finite element (FE) solver JCMsuite with adaptive meshing has 

been used to compute resonance modes and corresponding complex eigenfrequencies of the cavity [7]. 
From the complex eigenvalues, resonance wavelength and Q factor are derived [8]. 

• Aperiodic rigorous coupled wave analysis (aRCWA). This is Fourier expansion scheme which uses in-
house robust 3D tool which effectively combines both 2D mode solver (based on 2D periodic RCWA 
tool in a combination with the isolating boundary conditions, either complex coordinate transforms or 
PMLs [9,10]), with the help of both ASR technique [11] and/or the application of structural symmetries 
[12], again combined with advanced “grating-oriented” schemes of scattering matrix formalism. 
Altogether, this efficient tool has been already successfully applied to both subwavelength [13] and 
plasmonic 3D nanostructures [14]. Resonance wavelength and Q factor are calculated from 
transmission spectra. 

For the simulation we used a hybrid cavity structure which research has been conducted within the European 
Action COST MP0702. Note, that the full results of the study will be published elsewhere [15]. Here, the cavity 
serves as an example of novel and promising structure used for presentation of BEP and comparison of the 
numerical techniques. The structure, which is illustrated in Fig. 1, consists of a size-modulated 1D stack cavity 
coupled with the waveguide. It has been shown that such stack cavities (a simple periodic array of dielectric 
blocks) can reach ultrahigh Q factors provided widths of the blocks (i.e. here the widths of InP sections in x 
direction) are properly modulated near the cavity center [16].  

2. RESULTS 
Referring to Fig. 1, we used the following parameters for the calculation: InPy = 0.7 μm, InPz = 0.35 μm, Siz = 
0.22 μm and BCBz  = 1.0 μm. Refractive indices in various materials are 3.46 (Si), 1.45 (silicon oxide), 3.17 
(InP) and 1.54 (benzocyclobutene, BCB).  

Center positions of the InP sections are regularly spaced with period a = 0.35 μm. We use 10 unmodulated 
‘mirror’ sections (Nmir = 10) with width wmir = 0.2 μm. The number of modulated sections on each side of the 
center is Ncav and we consider modulation of section widths of the form 

 ( ) cavNi
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3
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We searched for the fundamental cavity quasi-TE mode (electric field parallel with y). In Fig. 2, we show 
cavity characteristics and compare results of BEP, FDTD and FE techniques. (Note, that in the scale of the 
graphs the FD and FE based BEP techniques provide identical results. Therefore we present results of the FE 
based BEP only.) It is seen that the different methods generate results which give the same qualitative picture; 
showing their good applicability. However, results differ significantly on an absolute scale. This demonstrates 
that accurate computation of 3D resonators remains a challenging problem.  

As the second alternative modal technique, we have applied the aRCWA method based on the free-space 
Fourier harmonic expansions, rather than on waveguide eigenmode expansions, as in the BEP case. Figure 3 
hence shows, as an example here, the convergence Q factor behavior of BEP and aRCWA techniques for Ncav = 
11. As can be seen, although Q factor values are not again directly comparable, similar agreement as reached 
with other two methods has been obtained. Note that the mode numbers in the two figures are, in fact, not 
directly comparable due to the different nature of the expansion modes. Furthermore, as was expected, the 
effectively needed number of modes is much larger in aRCWA as compared to waveguide modes applied 
directly to BEP. The origin of these discrepancies will be discussed and further investigated. 
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Figure 2. Q-factor and normalized resonance frequency a/λ provided by three numerical techniques for the 

cavity shown in Fig. 1. (a) and (b) show results for single cavity without waveguide. (c) BEP results for single 
cavity (No wg.) and hybrid cavity with various values of  Siy  (in μm). (d) Hybrid cavity with  Ncav = 10. 

 

 
Figure 3. Convergence behavior of BEP (a) and (b) aRCWA . The structure is as in Fig. 1 with Siy  = 0.50 μm 

and  Ncav = 11. 

3. CONCLUSIONS 
In summary, we have developed a bidirectional eigenmode expansion algorithm for the modeling of 3D 

waveguide structures. The technique has been applied to the novel and promising structure, high-Q one-
dimensional photonic crystal nanocavity, which research has been conducted within the European Action COST 
MP0702. Simulations results have been compared with results obtained by three other independent techniques. 
The all techniques have appeared efficient in providing the important cavity characteristics, with their 
advantages and disadvantages. Presented results indicate that accurate computation of 3D resonators remains a 
challenging problem which should be further investigated. 

(a) 

(c) (d) 

(b) 

(a) (b) 
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ABSTRACT 
Optoelectronic Oscillators (OEOs) are an attractive alternative to electrical solutions for the generation of high 

spectral purity signals at high frequency. Indeed, carrying the microwave signal on an optical carrier offers the 
opportunity of long storage time, with almost no dependence on signal frequency. For example, classical OEOs 
are based on kilometre long fiber delays and, in a relatively simple setup, their performances exceed the ones of 
most microwave oscillators. However, the most promising OEOs architectures, in term of performances and 
integration level, are based on high Q optical resonators. After an introduction on the principle of OEOs and 
their various potential applications in advanced microwave systems, we will present recent results that we have 
obtained in this field. 

First, the realization and characterization of silica, CaF2, MgF2 and LiNbO3 Whispering Gallery Modes 
(WGM) resonators with Q factors in the 108-109 range will be presented, together with related light coupling 
techniques for their practical use in OEOs demonstrations. Then the realization and characterization of fiber-ring 
resonators, that present Q factors exceeding 109 in a relatively simple architecture will be highlighted. Finally, 
dual-frequency laser sources that have been specifically realized for OEOs will be described. 

 
Keywords: optoelectronic oscillators, optical resonator, whispering gallery mode (WGM), fibre ring, dual-

frequency laser source, microwave photonics. 
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ABSTRACT 
The spontaneous emission of a molecular dipole in the presence of a thin dielectric microdisk is studied as a 

3D solution of Maxwell’s equations with two-sided generalized boundary conditions, local energy 
finiteness, and a radiation condition at infinity. Results show the radiative and non-radiative decay rates display 
resonance maxima  associated  with  the  disk  natural  frequencies  which  can  be  well  explained  through  the  
effective- refractive-index approximation. 
 
Keywords: dielectric disk, generalized boundary conditions, analytical regularization, dual integral equations 
 
1. INTRODUCTION 
The term “Purcell effect” comes from quantum optics and labels resonant enhancement or, in more a general 
sense, modification of the spontaneous emission of an atomic or molecular dipole in non-homogeneous 
environment. Today’s interest, in optics, in this phenomenon is explained by the ability of various nano- 
and micro-size particles to increase spontaneous emission by many orders of magnitude; such enhancement leads 
directly to applications connected to microlasers and cavity quantum electrodynamics [1-3]. More precisely the 
study of this effect deals with the radiated and absorbed powers associated with elementary dipoles near various 
resonant objects. As a rule the Purcell effect has been estimated using the so-called “Purcell factor” which is 
proportional to the ratio of the resonant mode quality factor to the mode volume. However, it has been recently 
convincingly argued that this factor, originally derived for closed cavities with imperfectly conducting walls, 
cannot be used in the case of open resonators such as dielectric or semiconductor microdisks. The reasons are 
twofold: here the natural modes do not form a complete orthogonal set of field functions and the resonance does 
not lead to one-term representation of the spontaneous emission rate. Therefore for an accurate estimation of the 
Purcell effect for open resonators it is mandatory to use full-wave modelling methods and convergent 
computational techniques. 
 
2. FORMULATION 
We consider the problem of finding the electromagnetic field emitted by an elementary electric dipole 
(EED) parallel to a thin dielectric disk and located as depicted in Fig. 1. 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Geometry of microdisk 
 
If the disk thickness is small, as typical for microcavity lasers, one can neglect the field inside the disk and 
shrink its volume to the median section, at the expense of introduction of two-side generalized boundary 
conditions (GBC). We expand the field into Fourier series in the azimuth coordinate and use scalar and vector 
Hankel integral transforms in the radial coordinate. Substituting these functions into GBC, we obtain a set 
of dual IEs for each azimuth order m. Then we use the method of analytical regularization to invert IE static 
parts and reduce them to two pairs of coupled Fredholm second kind IEs with smooth kernels [4]. The features 
of the latter IEs guarantee the convergence of numerical solution if the order of discretization is increased. 
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3. NUMERICAL RESULTS 
As computations have shown, the radiated and absorbed powers display resonances which correspond to the disk 
eigenmodes of different azimuth orders (see Fig. 2). Note that the Q-factors of these resonances become higher 
with increasing the azimuth order as typical to the whispering gallery modes (WGM). The resonances revealed 
in the normalized powers can be explained using the effective refractive index model of the disk. They are 
caused by the standing waves formed due to the reflections of the guided wave of the dielectric slab at the disk 
rim. This observation can serve as a de-facto justification of the empirical 2-D model of disk cavity with 
effective refractive index, from the viewpoint of rigorous Maxwell theory. 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Normalized radiated power for off-axis EED in the disk presence versus frequency ka.  

The 3-D far field pattern corresponding to one of the maxima on the plot in Fig. 2 is presented in Fig. 3. 

 

 

 
 
 
 
 
 

Fig. 3. Total far field pattern for the same disk and dipole as in Fig. 2 with ka = 19.4544318 
 
This in-resonance pattern clearly displays two features: first, the radiation is concentrated in the disk plane 
and, second, in that plane the pattern shows 50 almost identical lobes characteristic for WGM with m = 25. 
 
4. CONCLUSIONS 
We have accurately quantified the Purcell effect or, equivalently, the modification of powers radiated and 
absorbed  due  to  horizontal  EED  in  the  presence  of  a  thin  dielectric  microdisk,  by  studying  it  from  first 
principles. This has been done over a wide range of the normalized wavelengths. Thus, the analytical-numerical 
method which has been applied here places thin material disks in the same position as spherical scatterers in the 
sense that they can be computed very economically and with controlled accuracy. 
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ABSTRACT 
We report on the optical beam induced current of photonic quantum ring lasers using Ti:Sapphire  
femtosecond pulsed laser. By using optical beam induced current microscopy we were able to compare the 
lasing and the photoinduced   current  images  of  the  structures  and  analyze  their  behavior  when  
changing the excitation wavelength. We report the optimal  excitation  conditions  in terms of excitation  laser 
wavelength for collecting the highest photocurrent signal and hence highlighting the photonic quantum ring 
behavior of the lasers. 
 
Keywords: photonic quantum ring laser, optical beam induced current, vertical-cavity surface-emitting  
laser. 
 
1. INTRODUCTION 
Photonic quantum ring (PQR) lasers [1] are a new generation type of semiconductor  lasers similar to 
whispering gallery (WG) mode lasers. While WG lasers are based upon 2D total internal reflection (TIR), 
the PQR laser is more like a whispering  cave  mode  laser,  based  upon  3D TIR [2]. These  devices,  with 
a structure  similar  to vertical-cavity  surface-emitting  lasers  (VCSELs),  exhibit  a two threshold  behavior  
of successive  lasings.  The first is the PQR lasing that occurs at µA threshold currents with the structure 
emitting on its circumference  and the second is the usual VCSEL mode at currents in the range of mA. 
In a PQR laser, photons generated in the active region are vertically confined by the top and bottom 
distributed Bragg reflectors  (DBRs) and in-plane annular confinemened  by TIR along the lateral 
boundaries  of the active disk. There results a 3D confinement of photons that generates a Rayleigh toroid 
along the circumferential  region of the active area. According to Chin et al. [3] the Rayleigh toroid is 
limited by the active disk’s physical radius R as outer boundary and as inner boundary it has the inner 
reflection point rin = RnM/n, where n is the refractive index of the active medium and nM is the effective 
refractive index in azimuthal direction nM~neff. Hence, in the active area plane, the PQR region is defined 
by the Rayleigh’s bandwidth: nRayleigh = R(1 - neff /n). 
PQR  laser  structures  need  non-destructive   optical  and  electrical  investigation   techniques  in  order  to  
be characterized   with  good  spatial  resolution.   One  such  technique  is  optical  beam  induced  current  
(OBIC) microscopy which  represents a wide-spread method  with  applications   for  the  characterization   of  
many semiconductor  and optoelectronic devices. It has been previously  shown that OBIC imaging  is more 
sensitive and specific than photoluminescence (PL) imaging in characterizing different semiconductor  
devices such as LEDs [4, 5]. It has also been used for diodes to determine carrier lifetime [6], photovoltaic  
devices to estimate the diffusion length of carriers [7], laser diodes to investigate the uniformity and 
quantum efficiency of the active region [8, 9], and also for VCSELs characterization  [10]. 
We report here on the imaging of GaAs/AlGaAs PQR laser structures  by using OBIC  microscopy.  
Starting from a comparison  between the OBIC and lasing images we also show that the properties of the 
active layer in the PQR circumferential region can be investigated from both the lasing and OBIC images. 
Additionally, the dependence of the photoinduced current with the excitation wavelength highlights a 
VCSEL-like behavior of the central region different than the behavior of the circumferential  region. 
 
2. EXPERIMENTAL 
PQR devices of various diameters were grown on a single chip on n-type (100) GaAs substrate by metal-
organic vapor-phase  epitaxy  method.  The structure  (fig. 1) consists  of two DBR mirrors  surrounding  a 
one-λ cavity, which has three 8 nm GaAs quantum wells, Al0.3Ga0.7As barriers and spacers. The thickness 
of the active region is 269.4 nm. There are 38.5 periods in the n-type bottom mirror and 21.5 periods in 
the p-type top mirror. The mirrors  consist  of alternating  41.98  nm Al0.15Ga0.85As  and  48.82  nm  
Al0.95Ga0.05As  layers.  Between  these layers, a 20 nm thick linearly graded AlGaAs additional layer was 
grown. The p- and n-DBR mirrors were doped with C and Si, respectively. The thicknesses of the quantum 
wells and their compositions are tuned to yield a resonance wavelength of 850 nm in the vertical direction. 
More details regarding the fabrication of similar structures can be found in [11, 12]. 
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Figure 1. PQR laser structure. 
 
The samples were studied by using pulsed optical excitation  provided through the top DBR mirror. A 
mode- locked  Ti:sapphire  laser (Spectra  Physics  Tsunami-S  fs, 5 W pump)  with a ~80 fs pulse width  at 
a 80 MHz repetition  rate and a tunable output between  690 and 850 nm was used as excitation  source. A 
Leica TCS SP confocal  laser scanning  microscope  (CLSM)  with a 40X 0.75 NA objective  has been 
used to focus the laser beam and to scan it across the sample. For OBIC imaging, the photocurrent  signal 
(in the range of tens of nA) is pre-conditioned  by a current preamplifier  (SR-570,  Stanford Research)  
before being fed into the synchronized A/D converter of the CLSM. Lasing images were collected by 
biasing the PQR lasers and scanning the structures without an excitation laser. 
 
3. RESULTS AND DISCUSSIONS 
Using the setup described in the previous section reflection, lasing and OBIC images were acquired (Fig. 2). 
 

 
 

Figure 2. Laser scanning microscopy images: from top left to right reflection, lasing and OBIC images of a 
32 µ m PQR laser. 

 
The lasing image  highlights  a laser emission  on the circumference  of the PQR laser  as expected.  The 
OBIC image shows the same ring shape pattern on the peripheral region of the laser and an uniform 
distribution of the photocurrent  in the central region. We would like to stress out that if we overlap the 
reflection, lasing and OBIC images  a strong  resemblance  between  them can be observed,  especially  
when looking  at the peripheral  ring. Hence,  OBIC  images  show  a  non-uniform  distribution  of  the  
photocurrent  with  a  higher  intensity  on  the circumference  of the device, proving a different behavior  of 
the peripheral  ring-shaped  region compared to the central area of the structure, similar to the PQR and 
VCSEL modes in the case of lasing. 
Using  the  tunability  of  the  Ti:Sapphire   laser  the  dependence   between  the  photoinduced   current  and  
the wavelength   of  the  exciting  laser  is  investigated.   For  optoelectronic   devices  in  general,  the  shape  
of  the photocurrent  spectrum  is  closely  connected  to  the  absorption  of  the  whole  structure.  There  are  
also  other contributions that should be taken into consideration like those related to defect or impurity 
absorption [8]. 
 

  
Figre 3. A series of OBIC images from a 32 µm diameter PQR laser with the corresponding excitation 

wavelengths. 
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For VCSEL-like structures, including  PQR lasers, the influence of the cavity formed  by the upper and 
lower DBRs must additionally be taken into account. Basically, these laser structures are resonant cavities 
formed between the two DBR mirrors. The mirror pattern affects the entire photocurrent spectrum  including 
the spectrum around the lasing wavelength as well as the spectral region situated below the emission 
wavelength [9]. 
 

 
 

Figure 4. OBIC spectrum for the central region of the PQR laser. 
 
Looking at the OBIC spectra for the central region of the PQR laser (fig. 4) a typical VCSEL behavior [13] 
can be observed.  For wavelengths  lower than 710 nm (1.74 eV) the absorption  in the upper 
Al0.3Ga0.7As  barrier, with a band-gap  energy E = 1.8 eV, influences  the OBIC spectrum.  Starting with 
750 nm the influence  of the upper and lower DBR mirrors  on the OBIC spectrum  is higher.  The peak at 
λ = 760 nm (1.63 eV) is due to transmission maxima of the upper DBR and can also be due to the 
absorption within the Al0.15Ga0.85As layer in the upper DBR that has a band-gap energy E = 1.61 eV. The 
main photocurrent feature at 836 nm is in good correspondence  with  the  measured  emission  wavelength  of  
the  device  at  835  nm  and  spectrally  lies  in the reflectance stop band of the resonant cavity that extends 
from 800 nm to over 850 nm. 
 

 
 

Figure 5. OBIC spectrum for the peripheral region of the PQR laser. 
 
The OBIC spectrum for the peripheral  (fig. 5) ring is constantly decreasing from 700 nm to 810 nm due 
to the decrease in absorption, same as in the case of a multiple quantum well structure [14]. The influence 
of the DBR mirror and resonant  cavity to the spectrum  is minimal,  being visible between  760 nm and 
800 nm where the spectrum slightly increases similar to the OBIC spectrum for the central region, similar 
to the situation in fig. 4. At wavelengths close to the emission  wavelength  (835  nm) the dominant 
excitonic contribution to the GaAs bandedge absorption is visible. It is slightly moved to higher energies 
than the bulk GaAs band-gap energy (1.42 eV) due to the quantum well effect. When the excitation 
wavelength is higher than the emission wavelength, the OBIC spectrum drops to zero. 
 
4. CONCLUSIONS 
We have investigated PQR lasers using laser scanning microscopy techniques. We have shown that OBIC 
can be used  to investigate these structures proving a VCSEL-like behavior of the central region  different 
from the behavior of the peripheral ring that correspond to the PQR lasing in lasing images. 
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ABSTRACT 
We have studied numerically transport and spectral properties associated with the unidirectional propagation of 

the surface plasmon polariton mode along the interface between metal and uniformly magnetized 2D photonic 
crystal(PC) fabricated from a transparent dielectric magneto-optic(MO) material. To explore both the transport 
and spectral properties of such unidirectional device we employed the FDTD method which enables calculating 
propagation of EM waves through media with full tensorial MO permittivity. We found that the behaviour of a 
one-way waveguide is strongly affected and the modulation of the external magnetic field implies a number of 
new and interesting features associated with the redistribution of the EM field that have been  interpreted in 
terms of the spectral analysis by using of the Fourier transform of the EM energy density. 
 
Keywords:  magneto-optic photonic crystal, symmetry breaking, nonreciprocity, surface plasmon polariton,  

optical waveguide. 

1. INTRODUCTION 
Several concepts that can form one-way waveguide that allow EM energy to flow in one direction only have 
been proposed recently[1-7].  In order to ensure a spectral non-reciprocity  ω(-k) ≠ ω(k) a breaking of both 
space- and time-reversal symmetry [8] has to occur. Based on the latter principle, it has been demonstrated one 
can employ a proper 1D periodic arrangement of magnetic and dielectric components that give rise to strong 
spectral asymmetry [2]. A new and potentially promising design of one-way waveguide was recently proposed 
by Yu [1], where the structure is formed by the interface between a photonic crystal and a metal subject to an 
externally applied static magnetic field. Such a waveguide provides a frequency range where only one 
propagating direction is allowed and with the bandwidth that is proportional to the strength of the external 
magnetic field. To overcome the major drawback of the configuration considered in Ref. 1, namely 
unrealistically high external field to be applied to achieve sizable one-way bandwidth, we proposed a modified 
waveguide formed between photonic crystal fabricated from a transparent dielectric magneto-optic (MO) 
material and metal region [9]. A nonreciprocity at the interface is introduced by the MO properties of the 
photonic crystal material, specifically we considered Bismuth Iron Garnet (BIG, Bi3Fe5O12), a ferrimagnetic 
oxide which is easily magnetically saturated by fields of the order of tens of mT. To investigate transport 
properties of the structure we have implemented finite-difference time-domain (FDTD) method [10,11], that 
allows calculating the propagation of electromagnetic waves through media with full tensorial magneto-optic 
permittivity. To explore dynamical properties of a one-way waveguide we studied its behaviour in the presence 
of the time-dependent external magnetic field. We found that the modulation of the external magnetic field leads 
within both linear and nonlinear regimes to a number of new and interesting features associated with the 
redistribution of the EM field. We considered both a harmonic and a transient-like modulation and to interpret 
new features observed in the spectrum obtained by means of the Fourier transform of the EM energy density. 

2. ONE-WAY WAVEGUIDE MODEL 
We consider the waveguide which is formed by the interface between a metal characterized by Drude free-
electron model and magneto-optic photonic crystal subject to an externally applied magnetic field that is 
perpendicular to the plane of propagation  – see Fig. 1(a). We have shown that such a configuration constitutes 
non-reciprocal system provided that the frequency of the surface plasmon frequency propagating at the interface 
between metal and MOPhC lies within the band gap of the photonic crystal. The design of the structure relies on 
both the presence of the surface plasmon polariton which is independent of time-reversal symmetry breaking and 
2D magneto-optic photonic crystal under a static magnetic field. The role of MOPhC is two-fold: non-reciprocity 
that is induced by magneto-optic material which photonic crystal is fabricated of, while the periodicity gives rise 
to the band gap where the radiation modes are eliminated and such waveguide suppresses disorder-induced 
backscattering. The presence of the band gap is a key feature of the studied one-way waveguide since it prevents 
backscattering via reciprocal radiation continuum. Therefore, information on the spectrum of the Bloch modes is 
essential in the theoretical description of the system. To describe underlying dispersion relation of the one-way 
EM waveguide we previously implemented MO aperiodic Fourier Modal Method that has been described in Ref. 
9. We have shown that by using eigenmode scattering matrix technique one can deduce the response of arbitrary 
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finite system by solving generalized eigenvalue problem. After benchmarking of this method using the structure 
proposed in Ref. 1 we have calculated dispersion relation for the structure shown in Fig. 1 and we found that 
within the frequency range 0.366  <  ω/ωp < 0.376, where ωp is the plasma frequency modes the wave can 
propagate only along one direction.  To validate the results obtained by MO aperiodic Fourier Modal Method  
 

                            
 

Figure 1. (a) One-way waveguide structure (b) Nonreciprocal surface wave dispersion relation for SPP 
propagating at between metal and BIG which   possesses one-way frequency range 0.366 < ω/ωp < 0.376. 

 
to obtain deeper physical insight into the underlying mechanisms associated with one-way property we examine 
the band structure of the one-way waveguide shown in Fig. 1(a) by using a simple theoretical model and plane-
wave method which treat both key mechanisms assuring the functionality of the one-way waveguide i.e. time-
reversal symmetry breaking which gives rise to one-way frequency range and a suppression of disorder-induced 
backscattering to the periodicity, separately. The theoretical model which we use in the first step is based on the 
analysis of non-reciprocal surface wave in the Voigt transverse configuration [12].  We assume a simplified 
waveguide where we replace the photonic crystal by an uniform MO medium and we evaluate the dispersion 
relation for a surface plasmon polariton propagating at the interface between metal and MO material. In the 
second step the dispersion relation is superimposed on the underlying band structure associated with the two-
dimensional PhC that is calculated by using a standard plane wave method. In Fig. 1(b) we present part of the 
dispersion relation which possesses one-way frequency range within that SPP can only propagate in one 
direction. The frequency associated with the center of the one-way frequency range 0.366 < ω/ωp < 0.376 
corresponds to the frequency of the SPP propagating along the interface in the absence of the external magnetic 
field. We note that this one-way frequency range coincides with that obtained by Fourier modal method reported 
by us previously [9]. The theoretical model confirms that the time-reversal symmetry giving rise to magnetic-
induced non-reciprocity and the existence of one-way frequency range solely relies on the material properties of 
magnetic medium and implies unidirectional propagation of the surface plasmon polariton. On the other hand, 
one has to keep in mind that periodicity of the MO medium plays key role in the system since functionality of 
the one-way waveguide is based on the presence of the band gap where the radiative modes are eliminated when 
the metal is placed to close vicinity of the photonic crystal and such a waveguide suppresses disorder-induced 
backscattering.  

3. TRANSPORT PROPERTIES IN THE PRESENCE OF THE TIME-DEPENDENT MAGNETIC 
FIELD 
We also examined dynamical properties of one-way waveguide structure in the case when the magnetic field is 
time-dependent, namely when it is harmonically oscillating and when it is switched off at some time t0 i.e. 
possessing the Heaviside step function behaviour. The amplitude of the external field ΔB corresponds to the 
magnetic field associated with the off-diagonal term g = 1 belonging to the permittivity of the MO medium.   
The modulation frequency of the external magnetic field ωe in the former case is chosen to be order of magnitude 
smaller than that of the frequency of the oscillating dipole that has been chosen to coincide with midgap 
frequency ωc = 0.396 x 2πc/a in normalized units. To study the behaviour of the propagating light in the 
waveguide shown in Fig. 1 in the presence of sinusoidal  time-dependent external magnetic field shown in the 
inset of the Fig. 2(a) we choose a specific time that is indicated by the full circle on the curve displayed in the 
same inset. The magnetic field shown in the Fig. 2(a) can be divided into three regions which represent separated 
domains of the field distributions associated with the mode which arise due to the modulation of the external 
magnetic field. The upper and central parts within the panel above and below the position of the oscillating 
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dipole, respectively, correspond to the fractions of the mode which start to propagate in the reverse direction due 
to the opposite sign of the external magnetic field. We claim that the central part of the energy density shown in 
Fig. 2(a) correspond to trapped light which is confined via localized modes within the band gap. This feature 
takes place in the case of sinusoidal modulation while it does not appear in the case of step-like modulation. This 
effect will be discussed below within in the context of the results related to its spectral properties.   The field 
distribution at the bottom of the panel in Fig. 2(a) corresponds to the part of the wave which curiously enough 
continues to propagate in the forward direction and, therefore, can be assigned to an induced mode which we 
inspect in more detail hereafter. Namely, we carry out series of numerical experiments in which we study the 
spectrum of the field within the structure when the amplitude of the alternating magnetic field is varied. The 
results shown in Fig. 2(a) correspond to the case of sinusoidal external magnetic field and the spectrum is 
evaluated after 10 periods of modulation. When the external magnetic field has the Heaviside step function form 
the spectrum is in comparison with sinusoidal case significantly different, namely it does not contain the 
localized states within the stop band and this feature is consistent with the absence of the central part of the 
distribution of the energy density shown in Fig. 2(a).  The results presented in Fig. 6 are summarized in Fig. 
2(b). The left panel in Fig. 2(b) shows part of the band structure which contains intrinsic PhC band gap (light 
shaded region) which accommodates unidirectional frequency range (dark shaded range). On the right panel we 
display Fourier transforms of the EM energy density of the modes which characterize spectra as they depend on 
the amplitude of the modulation of the external magnetic field ΔB in units related to the off-diagonal term g 
belonging to the permittivity tensor of the MO medium.  The spectrum on the left side of the right panel which 
corresponds to a small modulation ~1% reveals a single peak and thus indicates that unidirectional propagation 
is not affected. When the magnitude of the modulation ΔB is increased in the range 0.01g < ΔB <g a number of 
replicas of the modes appear in the spectrum. We note that when number of the induced modes exceeds two side 
lobes the system enters nonlinear regime characterized by an increasing number of induced modes. 
Simultaneously, the induced modes mutually interact and give rise to temporally varying behaviour of their 
amplitudes. Properties of the Fourier spectra shown in the Fig. 2(b) can be used in the interpretation of the 
induced modes shown in Fig. 2(a). For the specific case considered that is defined by the ratio between the 
modulation frequency of the external magnetic field and that of the oscillating dipole i.e. ωe = 0.1ωc there exists 
only a single mode with the central frequency which falls inside to the unidirectional frequency range.  All other 
induced modes can be identified either as exponentially decaying waves with frequency within the intrinsic PhC 
gap which correspond to localized modes or extended-like modes with frequencies within allowed bands. The 
latter modes represent the induced modes shown at the bottom of the right panel of the Fig. 2(a).  
 

     
Figure 2 (a) ) Snapshot of the magnetic field which shows redistribution of the EM energy density(right panel) at 

time t = t0 indicated by the full circle in the inset of the left pane (b) The photonic band and structure of the 
MOPhC with one-way frequency range(left panel) vs. Fourier transforms of the EM energy density of the modes 

as a function of the magnitude of the modulation of the time-dependent external magnetic field ∆B. 

4. CONCLUSIONS 
We have studied transport properties of one-way device which can be used for the design of compact integrated 
analogues of one-way electronic devices such as diodes and transistors. The configuration which we consider 
allows in comparison with the previously reported system[1] substantially reduction of the external magnetic 
field. In order to accomplish the design that would be fully competitive with standard electronic counterparts one 
needs to scale frequencies to telecom range. To explore dynamical properties of a one-way waveguide we 
studied its behaviour in the presence of the time-dependent external magnetic field, we discovered new and 
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interesting features arising from the redistribution of the EM density and interpret them on the basis of the 
spectral analysis carried out by means of the Fourier transform of the EM density. 
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ABSTRACT 
We demonstrate numerically the scaled projection of sub-wavelength objects through diffraction-free layered 
metamaterials. The structure operates in a similar way like a hyperlens, however the projection occurs in 
between flat surfaces, while the hyperlens included curved surfaces. The scaling allows to project sub-
diffraction-sized objects into a wave-front that can further propagate to the far-field and vice versa. Potential 
applications include lithography with dimensions down-scaled as compared to the resolution of the mask, or 
microscopic imaging of sub-wavelength objects. We discuss the requirements on the surface roughness of the 
layer boundaries. The RMS of the layer boundaries should remain lower than 0.5nm in order to observe the 
diffraction-free propagation  in the metamaterial. 
 
Keywords: superlens; super-resolution; metal-dielectric multilayer; surface roughness. 

1. INTRODUCTION 
The development of plasmonics opens the way for a joint use of propagating and evanescent waves in future 
photonic elements. Such elements will no longer be restricted by the diffraction limit in a straightforward way.  
Such a possibility was first indicated with the introduction of the concept of the perfect lens [1]. However it was 
the experimental investigation of the far-field hyperlens [2] that became probably the first realistic super-
resolving plasmonic component of practical importance. In the meantime, the asymmetric superlens was 
demonstrated  experimentaly [3], then it was shawn that multilayers operating within the approximation of an 
effective medium [4] may be used to extend the size of the lens. 
There still exists an ongoing effort to design diffraction-free structures with low losses, a large total thickness, 
and sub-wavelength resolution [4-13]. In a recent work [10] our group has optimised Ag-TiO2, Ag-GaP and Ag-
SrTiO3 multilayers in terms of the resolution and transmission coefficient. It is intriguing that the optimised 
structures are dissimilar to those designed using the effective medium theory in terms of both the filling fraction 
and  the  internal distribution of the field. This is a strong argument for using numerical optimisation instead of 
simplified theoretical models when designing layered superlenses for practical applications. In [11] we have 
proposed a low-loss layered metamaterial for the construction of shaped (slanted or prism-shaped) diffraction-
free structures with limited reflections, and with impedance matched to air. In [12] it is shown how to use the 
framework of linear shift-invariant (LSI) systems, widely used in the past within Fourier optics, to construct a 
polarisation-dependent point spread function (in a matrix form), which enables to express the layered system in 
an easily tractable form. This formalism has also been used to propose and study a diffraction-free non-planar 
imaging device. In [13], an analysis of the sensitivity of the superlens towards the fabrication uncertainties is 
presented, with the main conclusion that the imaging properties are extremely sensitive to the values of material 
permittivity as well as layer thickness of particular layers. Therefore, it remains a challenge to fabricate a super-
resolving multilayers with an overall  large thickness.  
Although it is convenient to treat a multilayer as an LSI, the analogy to classical imaging systems may be 
misleading in some respects. For instance, its point spread function (PSF) is not always similar to a Gaussian 
function and may include a strong phase modulation. In such a case the width of PSF can not be simply 
interpreted as a measure of resolution. Instead, the actual resolution depends on the feature size of the object and 
may be even better than the width of PSF [7]. Another issue is that due to reflections, a near-field source and the 
LSI stack can not be regarded as completely independent systems. Nevertheless, in the two limiting cases of tight 
coupling (a hard source model) and no coupling (a soft source) the LSI model remains valid [14], and in practice 
it proves to be an efficient tool for the design of multilayers. 
In the present paper, we present a prism-like element for projecting sub-wavelength wavefronts without 
diffraction, and with a magnification originating from non-parallel external surfaces of the device. 
It is well known that surface roughness is a major limiting factor for reaching the theoretical performances in 
plasmonic components and that it is utmost important to achieve ultraflat surfaces [15]. We will therefore 
estimate the surface roughness required in the layered systems considered here for diffraction-free propagation. 
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(a) 

 
(b) 

Figure 1. Influence of surface roughness on diffraction-free propagation in a layered metamaterial. The FDTD 
simulation presents the horizontal component of the time-averaged Poynting vector obtained for the propagation 

of a wavefront with a sub-wavelength width through an Ag-TiO2 stack consisting of layers with the surface 
roughness of (a)  RMS=0.2nm; (b) RMS=0.8nm. 

2. SURFACE ROUGHNESS OF METAL-DIELECTRIC METAMATERIALS FOR DIFFRACTION-
FREE IMAGING 

Surface roughness changes the way, in which surface plasmon polaritons propagate on plain metal-dielectric 
boundaries. Non-uniformity of the surface results in decoupling of plasmons to propagating waves, and in the 
excitation of localised plasmons. In a layered structure, where plasmon modes at the neighbouring layer 
boundaries are strongly coupled, this coupling is extremely sensitive to the  geometry of the system. 
We have conducted FDTD simulations, which allow us to quantify the degradation of imaging through the 
metal-dielectric layered metamaterial caused by surface roughness. For this purpose, we have introduced a noise 
model that characterises rough surfaces. We assumed that the layer surfaces are realisations of correlated 
Gaussian noise. The autocorrelation function of the noise was estimated from the measurement of the power 
spectrum of the silver surface deposited with electron beam evaporation and measured with AFM. Then the 
realisations of the Gaussian noise were obtained by spatial filtering of the samples of white Gaussian noise. 
Finally,  they were used to adjust the definition of the multilayer in the FDTD simulation. The RMS of the noise 
was taken as a free paprameter. 
In Fig. 1. we compare the diffraction-free propagation in two layered structures differing with the RMS of the 
surface roughness. Remarkably, the RMS of just 0.8nm is already too large to give a chance for a successful 
experimental realisation of the element. It is necessary to assure that the RMS does not exceed 0.5nm, and 
possibly to keep it at the level of 0.2nm. 
 

 

3. SCALED IMAGING OF SUB-WAVELENGTH OBJECTS WITH LAYERED METAMATERIALS 
In Fig. 2 we show the schematic of an element that we use for scaled sub-wavelength imaging. A diffraction-free 
multilayer is used to project the image of an aperture of size x onto the other side of the prism. The change of 
scale is assured by the geometry, and depends on the apex angle of the structure. The crucial point in the 
operation of the structure is to avoid resonances that depend on the width of the multilayer. Transmission 

 
Figure 2. Layered metamaterial with an inclined edge. An aperture of 
size x in a chromium mask is used to form a sub-wavelength wavefront 
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through the multilayer should not depend on its total thickness and on the width of the external layers. This can 
be accomplished with very thin layers in the order of 10nm, and by assuring that the multilayer has the 
impedance matched to the external medium [11]. 
In Fig. 3. we demonstrate the FDTD results of imaging with a change of scale. Three aperture sizes are shown - 
x= 2 λ,  x= 1λ,  x= λ/4. We compare the theoretical magnification calculated based on the apex angle – which is 
varied in the simulations – with the measured width of the image of the aperture. Their relation is not exactly 
linear. However the results prove that the structure can be successfully applied for scaled imaging of objects with 
sizes in the vicinity of the wavelength. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 3. Imaging through the layered structure with a change of scale – FDTD simulation results illustrating 
the length of the time-avereaged Poynting vector (left), and the theoretical versus the  measured change of scale 

(right). (a,b) The beam incident from the left side is limited with an aperture of x= 2λ, while its image at the 
right side is sub-wavelength; (c,d) same as in (a) but the aperture is  x= 1λ; (e,f) The beam incident from the 
right side is sub-wavelength-sized and is limited by an aperture of x= λ/4, while its image at the left side is 

broader than the wavelength; 

  

λ/4 

1λ 

2λ 
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4. CONCLUSIONS 
We have analysed the influence of surface roughness on imaging quality of layered metal-dielectric diffraction-
free metamaterials. The roughness is included in FDTD simulations using the realisations of correlated Gaussian 
noise with varying RMS. Its autocorrelation was determined from AFM measurements, while the RMS is a free 
parameter. As a result, we conclude that the RMS needs to be kept below 0.5nm in order to achieve 
superresolution. 
We have also investigated imaging with scaling through the layered metamaterial with an inclined surface. Such 
imaging allows to project sub-diffraction-sized objects into a wave-front that can further propagate to the far-
field and vice versa. Potential applications include lithography with dimensions down-scaled as compared to the 
resolution of the mask, or microscopic imaging of sub-wavelength objects. The magnification partly results from 
the geometrical projection, and partly from diffractive broadening.  
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ABSTRACT 
Chalcogenide glasses are inorganic glassy materials which contain one or more of the chalcogen elements: S, Se 
or Te, but not O, in conjunction with more electropositive elements like for example As, Ge, Sb, Ga or Sn. They 
are infrared transmitting and easy to put in thin film form, so that they are particularly attractive materials for the 
realization of micro-components for infrared integrated optics. Different applications can be considered for such 
micro-components, like environmental metrology with the fabrication of micro-sensors, biology with the 
realization of immunosensors for example, space with the elaboration of nulling interferometers, etc. Different 
groups were thus interested in the realization of channel waveguides based on chalcogenide films, since they 
constitute the building blocks of IR micro-components. Different approaches were studied, like laser writing, 
silver photodoping, ion implantation, embossing or film stacking and etching, that will be described and 
discussed. To end, the light-guiding structures for [6-11µm] and [10-20 µm] spectral bands prepared in the 
laboratory by film stacking and etching will be presented and showed to be potential candidates for modal 
filtering in nulling interferometers. 
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ABSTRACT 
Here we report the experimental observation of circular dichroism induced by optical extrinsic chirality in the 

second harmonic field (800nm-400nm) of self-organized nanowires arrays with sub-wavelength periodicity 
(160nm). In the measurements, the second harmonic signal generated by the curved nanowires was recorded as a 
function of the incidence angle for left- and right-handed impinging pump fundamental light; the results show 
more than 50% of visibility of the extrinsic optical nonlinear circular dichroism.  
 
Keywords: extrinsic optical chirality, second harmoni generation, self assembled nanowires, nonlinear circular 

dichroism. 

1. INTRODUCTION 
Metal nanostructures supported on dielectric substrates have attracted great interest as building blocks of 
nanoscale optical devices such nano-plasmonic devices or planar metamaterials. In this framework artificial 
circular dichroism [1] is investigated for developing novel devices for active polarization controllers, like 
rotators and modulators and high efficient molecular sensors. Here we report the experimental observation [2] of 
nonlinear extrinsic chirality [3] (circular dichroism) of the second harmonic (SH) field generated by self-
organized gold nanowire arrays with sub-wavelength periodicity [4,5]. In this material the chirality arises from 
the curvature of the self-assembled wires, producing a lack of symmetry at oblique incidence [3]. Such circular 
dichroism in the SH field is the evident signature of the sample morphology and can be used in order to develop 
more efficient molecular sensors, based on metal enhanced fluorescence or surface enhanced Raman scattering.  

2. DISCUSSION 
In Figure 1 some experimental results are shown with pumping light at 800nm (second harmonic signal at 
400nm); in Figure1a is evident the dichroic behavior of the sample with curved wires, between right-ended 
circular polarizer light (red squares) and left-ended circular polarizer light (blue disks). On figure1b the same 
measurements on a flat gold (20nm) reference sample, where the dichroism is absent. 

Figure 1. (a) Second harmonic signal from curved nanowires, for circular polarized light (Right-handed 
polarization, red squares; Left-handed polarization, blue disks). (b) Second harmonic signal from flat gold 
(20nm), for circular polarized light (Right-handed, red squares; Left-handed, blue disks). In the insets the 

morphology of the samples are shown (the areas are 2 micron x 2 micron). 
 
The measurements highlight (as expected [3]) that extrinsic chirality arises when the wave vector direction 𝑘𝑘� , the 
normal to the sample surface 𝑛𝑛� and the direction of the curvature 𝑅𝑅�  form a non-planar triad [4]. 
The handedness of the chirality can be expressed by the sign of the triple product of the former three vectors [4]: 
     1

𝑅𝑅
𝑅𝑅 � ∙ 𝑘𝑘� × 𝑛𝑛�    .                            (1) 
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From the measurements it is possible to retrieve a important dimensionless parameter: the nonlinear circular 
dichroism that is the difference between the generated SH field intensity (at s- or p-polarization state) obtained 
from the left-handed circular polarized pump light and the right-handed one divided by the average total 
generated intensity [4,6] 

     𝐼𝐼𝐿𝐿
2𝜔𝜔−𝐼𝐼𝑅𝑅

2𝜔𝜔

(𝐼𝐼𝐿𝐿
2𝜔𝜔+𝐼𝐼𝑅𝑅

2𝜔𝜔 ) 2⁄
 .     (2) 

 
This parameter is the sign of resonant optical activity [6] that gives rise to the possibility of negative refraction 
[3,7].  From the nonlinear optical point of view the second harmonic signal is generated from the wires mainly 
by the magnetic dipole term or Lorentz term [2,4,8]  
 
    𝑃𝑃�⃗2𝜔𝜔 = 𝑒𝑒

𝑚𝑚𝑚𝑚
� 𝑖𝑖

2𝑖𝑖𝑖𝑖−𝛾𝛾2𝜔𝜔
� 𝐽𝐽𝜔𝜔 × 𝐵𝐵�⃗ 𝜔𝜔      (3) 

 
where e is the modulus of the electron charge, m is the electron effective mass, γ is a damping coefficient taking 
into account ohmic losses. When the light impinges on a tilted sample with the radius of curvature pointing 
down and with negative angles, the curved wire can be seen as an element of a conductive left-handed helical 
coil providing a preferential path for the induced electronic current density J. Thus, the SH signal show a larger 
generation when is excited by a left-handed circularly polarized light (see the blue disks in figure 1a). On the 
other hand, if the tilting incidence angle is of the opposite sign (i.e. the vectorial product k� × n�   in formula 1 
changes the sign), the right-handed circularly polarized pump produces a larger SH signal (see the red squares in 
figure 1a). Measurements performed on flat reference sample shows only negligible differences in the left-
handed and right-handed signal as reported in figure 1b. In ref.4 we reported also measurements performed on a 
reference sample constituted by straight nanowires; even in this case the extrinsic circular dichroism results to be 
negligible due to the absence of a curvature that could break the symmetry.    
 

3. CONCLUSIONS 
We present the evidence of nonlinear circular dichroism in curved gold nanowire. Such dichroism give the 
possibility to have a self-assembled effective extrinsic chiral optical medium with potential anomalous refraction 
capability. 
 
CONCLUSIONS A 
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ABSTRACT 
Single-walled carbon nanotubes (SWNTs) are promising for new applications in optoelectronics and 
nanotechnology due to their extraordinarily tuneable electronic properties. Depending on the indices of the roll-
up vector, SWNTs can for example act either as a semiconductor or a metal. For the future applications to 
emerge, more reliable fabrication and characterization techniques for individual as well as for larger quantities of 
SWNTs are needed. Optical techniques are suitable for characterization of even larger quantities of SWNTs, and 
for example fluorescence and Raman scattering techniques have been found useful. Nonlinear optical techniques 
for SWNT characterization have so far been scarce, but can offer new capabilities.  

Here we demonstrate that second-harmonic generation (SHG) can be observed even from an individual SWNT. 
To confirm the individuality of the SWNT, it was first characterized by transmission electron microscopy and 
electron diffraction, and then imaged by SHG microscopy. We also attribute the probable origin of the SHG 
signal to be the non-zero chiral angle of the SWNT. This opens possibility of optically and in-situ determining 
the handedness of individual chiral SWNTs. The results demonstrate the potential of SHG microscopy as a fast, 
non-destructive and a simple method for studying of carbon nanomolecules.  
 
Keywords: carbon nanotubes, single-walled carbon nanotubes, second-harmonic generation, chirality. 

1. INTRODUCTION 
The physical properties of carbon nanotubes (CNTs) and single-walled carbon nanotubes (SWNTs) greatly 
depend on the very small changes in how their graphene layers are rolled up into tubes. For example the 
electronic and thus optical behavior of a SWNT can be changed from a semiconductor to a truly metallic by 
simply changing the indices denoting the roll-up vector from (10,9) to (10,10). The wide variety of electronic 
structures in combination with a strong nanoscale lattice and an exceptionally high thermal conductivity are the 
main reasons for the large interest in using SWNTs in future electronic and optical devices [1]. Unfortunately, 
controllable and scaled-up production of SWNTs is still very challenging. In order to fabricate devices based on 
the properties of individual SWNTs, there is a need for further advancement of characterization methods that are 
fast, cheap and precise.   

Optical micro- and spectroscopies can provide valuable tools for characterization of nano-objects, including 
individual SWNTs [2,3]. The main benefits of optical techniques are the possibilities to study also larger 
quantities of SWNTs and in-situ capabilities. Single-photon excitation processes, such as Raman spectroscopy 
[4] and fluorescence [5] have been used to study the dynamics and electronic structure of SWNTs. In addition to 
linear processes, nonlinear optical techniques can provide complementary information, ideally also label-free, 
and are especially suitable for studying nano-objects, which typically have large nonlinear optical responses [3]. 
For example four-wave mixing (FWM) has been used for imaging of CNTs [3].  

In contrast to third order-processes, second-order processes are very sensitive to the symmetry of the system, 
and are within the electric-dipole approximation of the light-matter interaction forbidden in centrosymmetric 
materials. This sensitivity has made second-order techniques widely used tools to study systems with broken 
symmetry, such as surfaces, interfaces, and molecular films [6]. Chiral objects lack mirror symmetry, and thus 
necessarily lack centrosymmetry allowing second-order processes such as second-harmonic generation (SHG). 
And since most of the SWNTs are chiral, SHG has been proposed as a suitable probe of their structure [7]. Ideal 
achiral SWNTs are centrosymmetric and should not produce SHG. Introduction of defects, however, might break 
the centrosymmetry of even achiral SWNTs and allow SHG response, which would make SHG microscopy a 
new tool to visualize defects in SWNTs. So far, SHG has been observed from thin films or ensembles of SWNTs 
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[7], and has been associated with chirality and large second-order susceptibility on the order of 10-6 esu, but it 
has not been clear whether an individual SWNT could generate a measurable SHG response.  

 Here we report a SHG response from an individual SWNT, and demonstrate that even SHG microscopy is 
feasible. The fabricated sample consisted of suspended SWNT across an air slit. This configuration facilitated 
transmission electron microscopy (TEM) and electron diffraction measurements from the same sample, which 
were performed to confirm the individuality of the SWNTs and the chiral roll-up indices (n,m) of the tubes. Our 
results demonstrate the potential of SHG microscopy as a new tool to study SWNTs and their structural 
properties.  

2. SAMPLE FABRICATION AND EXPERIMENTAL SETUP 
The SWNT sample was fabricated on a 500 µm thick, double side polished <100> Si wafer with the 300 nm 
thick dielectric layer of Si3N4 on both sides. First, a µm 750 x 750 µm opening in the bottom Si3N4 layer was 
made, using optical lithography followed by reactive ion etching at a pressure of 55 mTorr and 150 W power 
with a gas flow of 50 sccm of CHF3 and 5 sccm of O2. This was followed by wet etching through the Si wafer in 
35 % KOH at 97 º C, with an etch rate of ∼180 µm/h. The etching process was anisotropic with an etching angle 
of 54.7 º, resulting in a ∼50 µm x 50 µm Si3N4 membrane window on the front side. A slit opening with the 
dimensions 1.2 µm x 40 µm was made in the Si3N4 membrane, using electron beam lithography followed by a 
second reactive ion etching step. The bottom of the sample was then covered by a 25 nm thick layer of tantalum, 
chosen for its high melting point, which enables it to survive during the deposition of CNTs by chemical vapour 
deposition (CVD). The metal layer supported the membrane and could be used for gating purposes. SWNTs 
were grown across the membrane in a vertical CVD reactor. CO was used as the carbon source, Ni as the catalyst 
material and the CNT growth temperature was 750 °C. The SWNT synthesis is described in more detail 
elsewhere [8].  

A schematic of the sample geometry and the used characterization techniques are shown in Fig. 1(a). For SHG 
microscopy, a home-built setup (Fig. 1(b)) was used. A mode-locked Nd:Glass laser emitting an 82-MHz train of 
200 fs pulses centered at the wavelength of 1060 nm was used with an average input power of around 1 mW to 
avoid sample damage. The input beam was expanded to a diameter of 7 mm, spatially filtered, collimated and 
polarized before entering the focusing objective (NA=0.8). Since the linear and nonlinear optical responses of 
SWNTs depend on the polarization of the incident beam, a polarizer was used to clean up the linear polarization 
of the beam and a subsequent quarter-wave plate was used to change the polarization to circular.  

 

 
Figure 1. (a) The SWNTs were suspended across an air slit opening to facilitate TEM, EDP and SHG from the 
sample. (b) A home-built SHG microscope setup was used in epi-configuration, where reflected SHG was 
separated from the fundamental beam by a dichroic mirror (DM) and an interference filter and detected by a 
photomultiplier tube (PMT). A white-light source (WLS), flip mirror (FM) and consecutive bright-field imaging 
arm were used for approximate alignment of the sample for SHG measurements.  
 

The SHG light was collected only in reflection by the focusing objective and separated from the fundamental 
and by a long-pass dichroic mirror and a narrowband interference filter (16.5 nm bandwidth centered at 532 nm), 
and detected by a cooled photomultiplier tube connected to a photon counting unit. To ease the sample 
positioning, a white-light imaging arm was implemented in the microscope. To avoid changes to the input 
polarization of the laser beam due to the imaging arm, a flip mirror was used to steer the white light to the 
imaging lens and a consecutive camera when needed. SHG imaging was done by raster scanning the sample at 
the focal plane of the microscope objective using a 3-axis piezo-actuated translation stage. The pixel dwell time 
was 150 ms, averaged twice, and for the 5 µm x 5 µm scanning area, 100 x 100 pixels were used.  

3. RESULTS 
First we imaged the sample by TEM, which revealed two SWNT structures (Fig. 2(a)). Then we characterized 
the observed SWNT structures (Fig.2(a-c)) by measuring their electron diffraction patterns (EDPs) (data not 
shown). The first SWNT structure (I) consisted of a bundle of CNTs and the second (II) was confirmed to be an 
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individual SWNT. The roll-up indices of the individual SWNT were determined to be (42,1) through a method 
based on intrinsic layer line distance analysis of its EDP making the SWNT chiral [9]. Then we performed SHG 
microscopy on the sample and saw the suspended SWNT structures (Fig. 2(d)). Due to a strong background 
SHG signal from the used Si3N4 membrane, we were not able to visualize the SWNTs on top of the substrate. 
Finally we verified the presence of SWNTs by imaging the sample by TEM after the SHG experiment. 

  

 
Figure 2. (a) TEM image of the sample featuring (b) a bundle of 4-5 CNTs and (c) an individual SWNT (II). (b) 
SHG image of the sample showing the two SWNT structures (I and II). 

4.  DISCUSSION AND CONCLUSIONS 
Within the electric-dipole approximation, chirality, defects or both can be the source of SHG. And since the 
observation of a distinct EDP established the tube as being chiral and having a low defect concentration, chirality 
is the most probable source. This opens interesting possibilities to measure the handedness of SWNTs non-
destructively and in situ. This has so far been only possible by scanning probe microscopy [10] or high-
resolution TEM imaging [11], which are both are time consuming and potentially damaging to the SWNT.  

In the future, it would be interesting to develop a SHG-based technique to probe the absolute handedness of 
SWNTs. As known, SHG as a second-order process is sensitive to symmetry properties of the system. This 
sensitivity arises from the structure of the second-order susceptibility tensor, the components of which can be 
classified as achiral or chiral. The latter components are non-vanishing only for a chiral system and reverse signs 
when the handedness of the system is reversed. The chiral signatures in SHG responses arise from a complex 
interplay between these achiral and chiral components and usually lead to changes in the SHG field amplitudes 
depending on the handedness of the sample and the probing beam [12]. But a defect-free SWNT possesses only 
chiral components leading only to phase changes in the SHG responses. Therefore to determine the handedness 
of the SWNTs, a phase sensitive SHG technique would have to be implemented [13].  

In addition to chirality, also defects can play an important role in the properties of SWNTs. Since SWNTs are 
ideally one dimensional structures, defects can seriously hinder electron transport [14]. Thus a possibility to 
visualize them with an optical resolution and label-free would be important for future optoelectronic 
applications. Currently defects can be visualized by several techniques, for example by electroluminescence 
[14]. Since ideal SWNTs have very high symmetry, defects are expected to decrease the overall symmetry and 
introduce new non-vanishing susceptibility components changing the local SHG response. This could in future 
facilitate SHG microscopy as a complementary non-destructive and label-free technique for visualizing defects 
in SWNTs. 

To conclude, we have demonstrated to our knowledge the first observation of SHG from an individual SWNT. 
The most probable origin of the SHG is the chirality of the SWNT. We also propose that SHG microscopy could 
be utilized in measuring the handedness of SWNTs and visualizing defects in SWNTs.  
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ABSTRACT 
Two main lines have been explored: diffractive optical and photonic band-gap elements. In the first line, work 
has been focused on the optimization of the power coupled to equally intense output beams: following our 
previous results on three- and four- beam elements, we have derived an optimum-efficiency multiplier, with an 
arbitrary number of output beams, and have given its phase transmittance in an analytic form. For the second line 
the possibility of enhancing the directivity of a planar antenna has been explored, in particular we designed, 
fabricated, and tested a woodpile PBG and a patch antenna, obtaining more than 10 dB of gain increase.  
 
Keywords: Diffractive Optical Elements, Beam Multipliers, Photonic Band-Gap Materials, Woodpile, Gain-

Enhancement of Antennas, Fourier Modal Method. 

INTRODUCTION 
The research activity of our group, in the framework of the 2007−2012 Cost Action MP0702 Towards 
Functional Sub-Wavelength Photonic Structures, has been mainly devoted to the design of Diffractive Optical 
Elements (DOE) and Photonic Band-Gap (PBG) metamaterials.  

A DOE is, in general, a complex pattern of micro- and nano-scale structures modulating and transforming light 
in a predetermined way. DOEs open new degrees of freedom in electromagnetic field transformation, can be 
designed to handle a number of simultaneous tasks, and offer basically new opportunities for optical systems and 
devices. They are key components for applications where small dimensions, compactness and light weight are 
demanded. 

PBGs, also called photonic crystals, are artificial media of great interest for their applications both in the 
microwave and infrared wavelength ranges, with sub-wavelengths implants embedded in a homogeneous 
background. The main feature is the presence of frequency bands within which the waves are highly attenuated 
and do not propagate.  

Both the DOEs and the PBGs studied by us are passive and periodic dielectric structures, with a finite-
thickness and one, two, or three, periodicity directions. We design them, and analyze their electromagnetic 
behavior, by using in-house codes implementing the Fourier Modal Method (FMM) [1-5].  

In the field of diffractive optics, we mainly focused on beam multipliers. In [6] the profile of a DOE producing 
four equi-intense diffraction orders with the maximum efficiency was derived; moreover, a full-wave 
electromagnetic analysis was performed to study the behaviour of the device in the resonance domain. During 
the last years, we worked on the generalization of the procedure presented in [6] and, in this work, we prove that 
an optimum-efficiency beam multiplier with an arbitrary number of equi-intense diffraction orders exists, 
deriving its phase transmittance in an analytic form. Once the number of output beams is fixed, the 
electromagnetic behaviour, performances, and limits, of the synthesized device can be rigorously predicted by 
using the FMM codes.  

As far as the design of PBGs is concerned, we studied their application to improve the performances of 
antennas. When used as planar reflectors, as substrates, or as high-impedance ground-planes, these periodic 
media are able to eliminate the drawbacks of conducting ground-planes, to prevent the propagation of surface 
waves also allowing a lowering of the antenna profile, and to improve the radiation efficiency. In PBG resonator 
antennas, an electromagnetic crystal is employed as a superstrate on a primary radiator, backed with a ground 
plane, and its effect is a considerable increase in the directivity. Moreover, embedding a source in a PBG 
working near its band-gap edge, it is possible to obtain a highly-directive antenna. In particular, we focus on 
PBG resonator antennas. We present the synthesis, realization, and experimental characterization of a woodpile 
covered patch-antenna: the main effect of the periodic structure on the antenna performances reveals to be an 
enhancement of about 10 dB in maximum gain [7], [8]. 
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DIFFRACTIVE OPTICAL ELEMENTS 
Beam multipliers are very popular components which divide an input beam into a certain number of output 
beams with equal power. They are used in many applications, as in optical signal processing, laser 
manufacturing optical interconnections (one-to-many array coupling, beam path switching, etc.). Maximization 
of the diffraction efficiency (fraction of the incident beam power that is converted into the power of the desired 
output beams) is a fundamental target in designing a beam multiplier, and optimal methods for the design and 
analysis of diffracting structures have been developed.  

In this Section, we present the analytical prove that an optimum-efficiency multiplier, with an arbitrary number 
of output beams, exists, and we give its phase transmittance in an analytic form.  

Let us consider a grating having the transmission function ( ) ( )[ ]xix Φ= expτ , where ( )xΦ  denotes the phase 
profile. Without loss of generality, in the following formulas we assume a unitary value (in suitable units) of the 
period d. Due to its periodicity, the following Fourier series expansion holds:  

 ( ) ( )∑
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Let us now consider the functional 
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where βn are suitable positive multipliers. On imposing that the first variation of I vanishes, the following 
equations are found: 
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being αn the argument of τn. Assuming that 
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Eqs. (5) and (6) can be satisfied if 
 ( )[ ] ( ) ( ),cos xRxgx =Φ ( )[ ] ( ) ( )xxgx Γ=Φsin  (8)  

being g(x) a real arbitrary function. Therefore, the function ( )xΦ  maximizing the functional I assumes the form  

 ( ) ( )
( ) ( )[ ]xR
xR
xx steparctan π+







 Γ
=Φ  (9)  

where step(⋅) denotes the Heaviside function. The parameters αn and βn have to be chosen in such a way that all 
the Fourier coefficients have the same magnitude. Although the expression in Eq. (9)seems to be quite 
complicated, the optimum profile assumes, eventually apart for discontinuities, a simple and regular shape. In 
Fig. 1, the optimum profile is shown for 4, 5, and 6 equi-intense output beams. The beam uniformity is 0.001. 

As is well known, in the paraxial domain the vectorial nature of light can be neglected and the influence of the 
diffractive element on the illuminating wavefront can be described by its transmission function. In the resonance 
domain, instead, when grating-profile features have transverse dimensions comparable with the wavelength of 
the impinging radiation, the scalar diffraction theory fails. To study the element properties correctly, a rigorous 
application of the electromagnetic theory becomes necessary. Such a treatment of the problem allows, for 
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example, to understand the operational limits of the DOE and to study its angular response. Numerical results of 
the full-wave analysis of the beam multipliers, performed by using the FMM codes, are not shown here, for 
brevity reasons, and will be presented during the Conference.    

 

 

Figure 1. Optimum profile for 4, 5, and 6 equi-intense output beams. 

 

PHOTONIC BAND-GAP ELEMENTS 
 

A Photonic Band-Gap material with woodpile unit cell of square cross-section rods, of side w = 3.18 mm, 
periods dx = dy = 8 mm, and dz = 4w, has been designed [7]. Its band-gap is centred on 12 GHz, and extends from 
10 to 14 GHz.  

Two identical alumina prototypes have been fabricated and characterized by experimental measurements in a 
shielded anechoic chamber. With transmission measurements on a single or two consecutive woodpile layers, the 
band-gap has been determined.  Measurements have been carried out also with the two layers arranged to form a 
cavity of length h, i.e. introducing a spacing h between the two layers along the z direction in order to obtain an 
interruption in the periodicity. The effect  is the introduction of transmission peaks inside the band-gap, which 
can be employed to filter the electromagnetic waves in the allowed directions. Transmission properties of both 
asymmetric and symmetric have been measured, considering different values of the cavity length h and of the 
polarization of the excitation electric field.  
 

                                                            
(a)                                                                        (b) 

Figure 1. The woodpile unit cell (a) and a detail of the woodpile prototype (b). 

Symmetric cavities are the most interesting with a view to their use in a class of antenna applications. In fact, 
symmetric cavities  can be modelled with an electromagnetically equivalent structure made of a halved cavity of 
length h/2, with a perfectly-conducting plate in the symmetry plane. In particular, a resonator antenna made of a 
microstrip patch and a woodpile cavity has been devised [7], [8]. Cavities with transmission peaks centred at the 
resonant frequency of the patch, which is of 10.3 GHz, have been used as superstrates of the basic radiator. Two 
different orientations of the woodpile with respect of the antenna polarization have been considered, together 
with different values of the spacing h/2. Experimental measurement pointed out a gain enhancement in of 10 dB 
with respect to the microstrip patch alone.  

Results are here reported for a cavity of length h = 90 mm, with electric field polarization parallel to the most 
internal rods of the cavity. A first peak is displayed inside the band-gap, at 10.3 GHz, as shown in Figure 2, 
where the measured transmission efficiency is reported.  

When such a cavity is applied as superstrate of the patch antenna, at the halved distance h/2 = 45 mm, the gain 
enhancement is of 10.17 dB. The HPBW is 12◦ in the E-plane, 14◦ in the H-plane; the side-lobe level (SLL) is -
9.84 dB in the E-plane, -13.15 dB in the H-plane (Figure 3).  
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Figure 2. Measured transmission efficiency through a symmetric woodpile cavity of length h = 90mm. 

 

 
Figure 3. Measured radiation patterns for a patch antenna covered by a woodpile cavity  with h/2 = 45 mm 
(solid line), and without woodpile (dotted line). 
 

CONCLUSIONS 
An optimum-efficiency multiplier with an arbitrary number of output beams exists, its phase transmittance is 
presented. Moreover a designed, realized, and tested PBG-covered patch antenna is shown.  

In the future, for what pertains to DOEs, we plan to apply the theory developed for beam multipliers to 
the design of optical components to be realized and possibly tested with the help of an experimental group;  
moreover we intend to extend the activity done on PBGs to new structures with the aim of exploring new effects 
and of reaching accurate results for the realization of devices both in microwave and optical regimes. 
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ABSTRACT 
In this paper we present results of our theoretical studies of electromagnetic waves in periodic arrays of metallic 
carbon nanotubes (CNTs). Two models have been developed for the analysis of CNT arrays: a numerical model, 
based on Green’s function method, and an effective medium model. We demonstrate that CNT arrays exhibit 
properties of indefinite media, characterized by hyperbolic dispersion in an ultra-broadband frequency range. 
Finite-thickness slabs of vertically standing CNTs support propagation of backward waves in a very wide 
frequency range.  
 
Keywords: carbon nanotubes, hyperbolic media, backward waves 

1. INTRODUCTION 
Interest to electromagnetic properties of carbon nanotubes is caused by their potential applications in 
nanoelectronics [1], nanoantennas [2-4], polarizers [5], free electron lasers [6], and devices for THz sensing and 
imaging [7].  Carbon nanotubes (CNTs), possessing metallic properties, are of special interest for 
nanoelectronics due to their high conductivity at THz frequencies compared to metal nanowires [2]. For this 
reason, their applications appear to be promising in THz and infrared ranges due to noticeably lower losses 
compared to other conductive materials.  

One of the most important electromagnetic properties of metallic CNTs is a capability to support propagation 
of strongly delayed surface waves [8]. It is caused by a very high kinetic inductance of thin single-wall CNTs [9] 
and it makes electromagnetic (EM) wave propagation in CNTs strongly different compared to transmission lines 
made of usual bulk metals. For description of electromagnetic properties of metallic CNTs the model of 
impedance cylinder and effective boundary conditions is used very often [8]. The model of impedance cylinders 
takes into account quantum properties of CNTs via the complex frequency-dependent surface conductivity. This 
model was applied for theoretical study of CNT transmission lines and interconnects [1] and structures 
composed of closely packed bundles of parallel identical metallic CNTs [10]. In [11] it was applied to two-
dimensional periodic arrays of single-wall metallic CNTs.   

2. NUMERICAL AND EFFECTIVE MEDIUM MODELS 

2.1 Numerical model 
Let us consider EM waves, propagating along a two-dimensional volumetric array of infinitely long metallic 
zigzag CNTs, having the radius R and forming a hexagonal lattice with the lattice constant d, see Fig. 1. For 
eigenwaves  

                

 

Г 

К М 

kx 

ky 

 
 

Figure 1. Left: Geometry of the CNT array. Right: Hexagonal lattice in space of wave vectors. 

in arrays of infinitely long carbon nanotubes we assume the space-time dependence of fields and currents as 
exp[j(ωt-βz-k⊥⋅r⊥)], where k⊥ is the wave vector of Floquet-Bloch waves propagating in the plane of periodicity 
r⊥ (the z-axis is directed along carbon nanotubes). Carbon nanotubes are classified by the dual index (m,n) and 
for zigzag CNTs n=0. If m=3q (q is an integer), zigzag CNTs possess metallic properties. The radius of such a 
nanotube can be expressed via m and it is equal to R=√3 mb/2π, where b=0.142 nm.  
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As a model of the individual metallic zigzag nanotube, we take an impedance cylinder, characterized by the 
complex dynamic conductivity. For frequencies below the optical transition band the following simple 
expression for the axial surface conductivity can be used [8]:   

𝜎𝜎 ≅ −𝑗𝑗 2√3𝑒𝑒2𝛤𝛤0
𝑚𝑚𝑚𝑚ℏ(𝜔𝜔−𝑗𝑗𝑗𝑗 )

,        𝑚𝑚 = 3𝑞𝑞,                                                  (1) 

where e is the electron charge, Γ0=2.7 eV is the overlapping integral, τ=1/ν is the relaxation time. We neglect the 
azimuthal currents at the carbon nanotube surface compared to the axial one, which is fully justified for the 
parameters of CNTs chosen below and, consequently, we can consider TMz waves with the axial component of 
the magnetic field Hz=0. This approximation is adequate because of the strong anisotropy of the conductivity of 
CNTs [9] resulting from quantum effects. It follows from (1) that the impedance of one CNT per unit length 
reads 

𝑧𝑧𝑖𝑖 = 1
2𝜋𝜋𝜋𝜋𝜋𝜋

= 𝑚𝑚ℏ2𝜈𝜈
4√3𝑒𝑒2Г0𝑅𝑅

+ 𝑗𝑗𝑗𝑗 𝑚𝑚ℏ2

4√3𝑒𝑒2Г0𝑅𝑅
= 𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑗𝑗𝑗𝑗𝐿𝐿𝑐𝑐𝑐𝑐𝑐𝑐 .                                                  (2) 

The inductance Lcnt has a quantum nature and it is actually the kinetic inductance [9]. Namely the positive 
imaginary part of the surface impedance, i.e. the kinetic inductance, determines such a property of CNTs as a 
capability to support propagation of strongly delayed waves. The same relates to graphene in the intraband 
region [12]. We use the integral representation of the electric field induced by currents on the surface of CNT. 
We can neglect the non-homogeneity of the current distribution on the contour of the nanotube due to its 
extremely small radius. The electric field at the CNT surface can be expressed via the current and the surface 
conductivity. Finally, we obtain a an integral equation with respect to the surface current density Jz . Integrating 
this equation over the contour of CNT we come to the dispersion equation which is solved numerically. 

2.2. Effective medium model   
In the framework of the effective medium model CNT arrays can be considered as uniaxial materials with the 
permittivity dyadic 

𝜀𝜀 ̿ = 𝜀𝜀𝑧𝑧𝑧𝑧𝒛𝒛0𝒛𝒛0 + 𝜀𝜀0(𝒙𝒙0𝒙𝒙0 + 𝒚𝒚0𝒚𝒚0),                                                                      (3) 

where ε0 is the permittivity of vacuum (we consider CNTs placed in vacuum). As was shown in [13], 
𝜀𝜀𝑧𝑧𝑧𝑧
𝜀𝜀0

= 1 − 𝑘𝑘𝑝𝑝2

𝑘𝑘2−𝑗𝑗𝑗𝑗𝑗𝑗 −𝑘𝑘𝑧𝑧2/𝑛𝑛2 ,     𝑘𝑘𝑝𝑝2 = 𝜇𝜇0
𝑑𝑑2𝐿𝐿𝑐𝑐𝑐𝑐𝑐𝑐

 ,                                                               (4) 

where k is the wave number in free space; kp is the effective plasma wave number; parameter n2 = 
LcntCcnt/(ε0μ0) measures the strength of spatial dispersion in the medium; Lcnt, Ccnt are the effective 
inductance and capacitance of CNTs per unit length, respectively; μ0 is the permeability of vacuum; and 
the parameter 𝜁𝜁 = (𝑅𝑅cnt /𝐿𝐿cnt )�𝜀𝜀0𝜇𝜇0 is responsible for losses. Estimations of CNT parameters show that 
the value n2 is very high and the term kz2/n2 can be neglected. Physically it is caused by a very high value of 
the kinetic inductance of carbon nanotubes. For waves, propagating along CNTs, the effective medium 
model gives a very simple expression for the z-component of the wave vector [14]: 

𝑘𝑘𝑧𝑧2 = 𝑘𝑘2(𝑘𝑘2−𝑘𝑘⊥
2−𝑘𝑘𝑝𝑝2 )

𝑘𝑘2−𝑘𝑘𝑝𝑝2
,                                                                                          (5)      

where k⊥ is the transversal wavenumber.  

3. HYPERBOLIC DISPERSION 
Obviously, relation (5) describes a typical hyperbolic dispersion. Dispersion diagram in form of the slow-wave 
factor (the ratio of the speed of light in vacuum to the phase velocity) over the transversal wave vector plane is 
shown in Fig. 2. A zigzag CNT (21,0) is taken as an example, so R≈0.822 nm. Calculations were implemented at 
27 THz. The slow-wave factor for the surface wave in a single CNT with such a radius equals to 70 [9] and it is 
shown by the dashed line. It is remarkable, that the slow-wave factor strongly depends on the transversal 
wavenumber.  Namely, at the Г-point (|k⊥|=0) kz/k=1, but for larger |k⊥| the slow-wave factor can strongly exceed 
this value for asingle CNT. This result is in agreement with [10], where bundles of closely packed metallic CNTs 
were considered and it was found, that the slow-wave factor for azimuthally symmetric guided waves decreases 
(tending to unity) with increasing of the number of nanotubes. It takes place even for the ratio d/(2R)≈12, where 
the term “closely packed” is not applicable. Evidently, this feature is inherent for waves in large arrays of 
electromagnetically coupled CNTs (which is infinite in the considered case) independently on their assembling, 
if the currents in all tubes are in phase. Reduction of the lattice period causes an increase of the electromagnetic 
interaction between nanotubes whichresults in an increase of the slow-wave factor kz/k. The densiest packing of 
CNTs in arrays takes place in bundles, where the distance between nanotubes is 0.334 nm, so the lattice constant 
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d=1.978 nm. In this case the maximal value of kz/k ≈250 is achieved near the K-point. The most remarkable 
property of hyperbolic  

a) b)  

Figure 2. a) Real part of the slow-wave factor Re(kz/k), calculated for different lattice constants d.                      
b) Isofrequencies in plane of wave vectors. The lattice constant d=15 nm. Arrows show directions of the phase 

velocity vp and the group velocity vg. 

media is the capability to support propagating waves with any transversal component of the wave vector. The 
hyperbolic dispersion is inherent in indefinite metamaterials in which the axial and tangential components of the 
permittivity tensor have different signs [15].  In contrast to other known hyperbolic media, arrays of metallic 
CNT exhibit this property in an ultra-broad frequency range, see Fig. 2b. 

4. BACKWARD WAVES IN A FINITE-THICKNESS SLAB 

Using the effective medium model it is possible to show analytically that a finite-thickness slab of vertically 
standing carbon nanotubes (see Fig. 3a) supports propagation of backward waves [16]. Let us assume for 
simplicity that the slab is placed between PEC and PMC planes, where the PMC boundary models the open-
ended interface with free space. The relation between the transversal wave-vector components and the wave 
number in free space is 

𝑘𝑘⊥2 = �𝑘𝑘2−𝑘𝑘𝑝𝑝2�(𝑘𝑘2−𝑘𝑘𝑧𝑧2)
𝑘𝑘2  ,                                                                                        (6) 

where kz=π/(2h). One can easily show that the derivative dk2⊥/dk2<0 if kz/k>1 and kp/k>1. Indeed, 

𝑑𝑑𝑘𝑘⊥
2

𝑑𝑑𝑘𝑘2 = 𝑘𝑘⊥
𝑘𝑘
𝑑𝑑𝑘𝑘⊥
𝑑𝑑𝑑𝑑

= 1 − 𝑘𝑘𝑧𝑧2𝑘𝑘𝑝𝑝2

𝑘𝑘4 < 0,                                                                                   (7) 

since kz/k>1 and kp/k>1. Thus, in this regime, finite-thickness slabs support propagation of backward waves 
because the group velocity is in the opposite direction to the phase velocity. 

a) PEC plane

CNTs

z

xh

       b)  

Figure 3. a) Geometry of the finite-thickness CNT slab. b) Frequency as a function of the normalized wave 
numbers in the transverse plane kxd/π, kyd/π. d = 15 nm and h = 1.5 μm. 

Let us fix the normalized axial wave number kzd (see Fig. 2b). This can be done by taking a finite-thickness slab 
with any boundary conditions at the interfaces perpendicular to the z axis. The dispersion equation for the CNT 
array placed between two perfect electric conductor (PEC) planes is kz(kx,ω)h = lπ, where h is the thickness of 
the slab and l is the integer defining the mode number. For CNTs between the PEC and perfect magnetic 
conductor (PMC) planes, it reads kz(kx,ω)h = lπ/2. It is clear from Fig. 2b that kx always decreases with an 
increase of the frequency under fixed kz. Fig. 3b illustrates the dispersion properties of three modes, propagating 
in a CNT slab placed between PEC and PMC planes. There are three embedded hyperbolic surfaces. The internal 
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cone corresponds to l= 1, and the external one to l = 3. The top and bottom parts of these surfaces are cut out. 
One can see that backward waves propagate in the slab in a very wide frequency range. Their properties are quite 
isotropic in the x-y plane due to a very small period of the CNT lattice. 

5. CONCLUSIONS 

In summary, we have shown that arrays of single-wall metallic carbon nanotubes behave as indefinite media in 
ultra-broad frequency ranges (in the THz band). Arrays of vertically standing finite-length CNTs support 
propagation of backward waves, which are characterized by low levels of losses in the terahertz and mid infrared 
ranges. Note that, in contrast, finite-thickness arrays of horizontally aligned CNTs support propagation of 
forward waves [14]. Finite-thickness slabs of vertically standing carbon nanotubes can be considered as perfect 
planar isotropic, backward-wave metamaterials. The properties of this structure were explained in two ways: 
analyzing isofrequency diagrams, calculated numerically on the basis of the Green’s function method, and using 
the effective medium theory. The model of an epsilon-negative crystal explicitly demonstrates that these effects 
are consequences of a very high kinetic inductance of thin carbon nanotubes. 
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ABSTRACT 
Combination of an analog and computer generated holography is used to produce complex diffraction gratings. 
As a result, a combination of volume and surface relief grating is obtained. We used this to mimic vortex 
structures found on the butterfly wing scale. 
 
Keywords: computer generated holography, Bragg gratings, photonic structures, Lepidoptera, biomimetics  

1. INTRODUCTION 
Complicated micro- and nano- structures are omnipresent in nature, especially in the world of insects. 
Microlenses, surface and volume diffraction gratings, photonic crystals, nanoparticles, antireflection layers – all 
of them can be found on the eyes, cuticle or wings of insects [1]. Simple structures are rarely found – they are a 
rather intricate involving combination of several different types of micro and nano-patterns.  

Take a lepidopteran (butterfly or moth) wing scale as an example. It is a thin hollow plate (several tens of 
microns wide, more than hundred micron long, and several micron thick) whose upper surface has a number of 
ridges which produce a surface relief diffraction grating. However, each individual ridge is a complicated 
structure which consists of a number of slanted lamellas. In that respect it looks quite like volume Bragg grating. 
In some butterflies interior of the scale is packed with tiny-particles which, if regular, function as a photonic 
crystal [2]. In others, interior contains irregular array of particles which strongly and selectively scatter the 
incoming radiation [3].  

Even though regular structures predominate, certain amount of irregularity can be observed too. We are 
particularly amazed by dislocations that can be observed on the butterfly scales – i.e. at certain positions single 
ridge either bifurcates or. Observed feature looks almost exactly like a fork-hologram [4] whose main 
characteristic is that it produces a vortex beams in its diffraction orders. “Fork holograms” on the wing scales 
can be numerous - almost 1000 vortex generating structures per square millimeter - in the Apatura iris and 
Apatura ilia butterfly species which we previously studied [5]. High density of dislocations might suggest that 
they are not there by chance. It is our hypothesis that vortex light generated on the butterfly wing improves the 
visibility necessary for communication of individuals of the same species.   

It seems interesting and rewarding to investigate how nature solved complicated problems of mimicry 
(imitation), aposematism (warning coloration) and camouflage. In that respect we are investigating the 
possibility of using combination of analog and computer generated holography to produce complex structures.  

2. RESULTS 
It is our aim to manufacture a structure which is a combination of surface relief and volume grating - similar to 
butterfly wing scale. This is a two step process. First, we have generated fork- hologram using direct laser 
writing, and then volume grating by interfering counter-propagating beams. Thus, two exposures were made on 
the same photosensitive material. 

We used dichromated pullulan [6] as a photosensitive material. Its main feature is that both surface relief [7] 
and volume gratings can be recorded, in that respect being ideal for our purpose. Material is prepared as a thin 
layer on a glass substrate. After exposure material is further processed by immersion in several isopropyl alcohol 
– water baths. This serves to amplify the recorded gratings. 

Direct laser writing overexposes the material and locally destroys the volume grating. Due to the 
polymerization pullulan shrinks in overexposed locations. Also, at the center of the laser drawn line the beam 
burns the material to a certain depth. Between the fork hologram lines, volume grating is preserved and brightly 
colored, due to the spectral selectivity of the Bragg grating. 

The diffraction pattern on the fork hologram was recorded using green (532 nm) laser light for which Bragg 
grating is highly reflective. We have simultaneously recorded transmitted and reflected diffraction and observed  
that the reflected intensity is much higher than transmitted. 

Further research is necessary in order to improve the overall quality of the resulting hologram. As can be seen, 
there is a large amount of stray radiation which is a consequence of parasitic beams during the volume hologram 
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recording. This should be corrected by immersing a hologram plate in an immersion liquid during chemical 
processing. Another source of noise is a consequence of discrete steps of coordinate table during direct laser 
writing. At the end of each step, the table stops producing increased irradiation of photosensitive material and 
slight widening of the produced line. 

 

3. CONCLUSIONS 
We have used a combined digital-analog technique to produce a combination of volume and surface diffraction 
grating. As a proof-the principle we have manufactured vortex-beam (fork) hologram with spectral selectivity 
induced by intrinsic Bragg grating. The resulting hologram is spectrally selective (as a consequence of volume 
Bragg grating), while producing multiple diffraction orders just like ordinary surface relief grating. 
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ABSTRACT 
Recently, various wavelength-sized 1D, 2D or 3D cavities with theoretical Q of 105 and ultra small modal 
volume V of 0.04 (λ/2n)3 have been reported, however in most of these cavities air is used as low dielectric 
material (λ is the wavelength, and n is the refractive index). Here we implement three-dimensional finite-
difference time-domain simulations to investigate physical phenomena in more detail and demonstrate that it is 
possible to achieve a high Q over V ratio by employing 1D periodicity and various types of materials as low 
dielectric material. 
 
Keywords: integrated optical devices, photonic crystals, hybrid optical cavities, bowtie resonators. 

1. INTRODUCTION 
Optical micro cavities with small modal volume and high quality factor are required for many optical 
applications, including cavity quantum electrodynamics, nonlinear optics, low threshold lasers and optical 
switches. Despite difficulties to localize light in wavelength-sized optical cavities with strong light confinement, 
recently rapid progress has been made on this issue by employing photonic band gaps and total internal 
reflection in well-designed photonic crystals. Cavities with Q of 105 and modal volume of 0.04 (λ/2n)3 have been 
theoretically demonstrated. This means that we can store photons for longer than one nanosecond in a smaller 
than wavelength-sized volume. However such cavities, as far as we know, with high Q and low modal volume 
have only been achieved in cavities, which use air as the low-dielectric-constant material. Therefore it is unclear 
how these cavities will perform if we use media with higher refractive index (for example nonlinear material) as 
the low-dielectric-constant material.  

In contrast to the above, here we present a theoretical investigation of cavities with different low-dielectric-
constant materials (i.e. SiO2, polymers and other materials). 

2. PRINCIPLE OF LOW MODAL VOLUME AND HIGH Q CAVITIES 
There are two different methods to store photons for longer than one nanosecond in a wavelength-sized volume. 
One way is to rely on total internal reflection (ring or disc resonators), and the second is to employ strong light 
confinement of a photonic band gap in a well-designed structure [1, 2].  A combination of, these effects may also 
be employed, e.g. use of a photonic band gap in one dimension and total internal reflection in the other two 
dimensions. Total internal reflection only holds for a certain restricted range of wave vectors, and thus it 
becomes ineffective when the cavity size becomes small because localization in real space leads to delocalization 
in k-space (example Fig. 1), which eventually breaks the total internal reflection condition. Photonic band gap 
confinement works regardless of the wave vector range, and thus it is essentially better for confining light in a 
small volume than total internal reflection. 

 
Figure 1. Photonic band structure of a 1D photonic crystal. The horizontal axis is the k-vector along the crystal 
in units of 1/a and the vertical axis is the eigen frequency in units of c/a where c is the speed of light and a is the 
periodicity of the photonic crystal. The solid line denotes the light line, below which the frequencies are guided 
and can be confined by the cavity. The range of confined k-vectors depends on the lower band edge frequency. 
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If we abruptly modify the waveguide to form a cavity, we will cause a large perturbation in the originally loss-
free mode profile, which will result in significant radiation loss for the cavity modes. That is why we have to 
gradually modify the waveguide (Fig. 2) to create a local modulation of the gap position. The use of gradual 
width modulation produces light confinement with minimum mode profile perturbation. If the modulation is 
sufficiently gradual, the delocalization in k-vectors space can be minimized. Since the position of the mode band 
edge is very sensitive to the structural parameters, we can introduce gradual confinement, which is required if we 
are to achieve a high Q. 

 
Figure 2. Band gap gradual shift and minimization of lower band edge frequency. 

If we introduce a slit [3] or channel [4] into the waveguide we will be able to decrease modal volume by almost 
two orders of magnitude. We use a slit in the center of the structure (Fig. 3) and we have two dielectric materials 
with different dielectric constants ε1 and ε2, where ε2 > ε1. Two media are parallel to each other and form an 
interface. Here we can implement boundary conditions for Maxwell’s equations: 
 𝐃𝐃1 − 𝐃𝐃2 = ρ (1) 
The tangential components of the E-field are continuous across the interface. In many interface problems, there 
are no externally applied surface charges ρ or currents on the boundary. In such cases, the boundary conditions 
may be stated as 𝐃𝐃1 = 𝐃𝐃2.  Then we introduce 𝐃𝐃 = ε𝐄𝐄, which gives ε1𝐄𝐄1 = ε2𝐄𝐄2.  Dividing the equation by ε1 
leads to 𝐄𝐄1 = ε2

ε1
𝐄𝐄2.  Taking into account the assumptions for the dielectric constants gives 𝐄𝐄1 > 𝐄𝐄2 (𝐄𝐄1is the 

electric field located in the low dielectric material and 𝐄𝐄2 the electric field in the high dielectric material).  
 
The equation for modal volume is: 

 V = ∫ ε|𝐄𝐄|2dV
εmax |𝐄𝐄max |2, (2) 

In this case, 𝐄𝐄max  is located in the low-dielectric material with dielectric constant εmax  = ε1. This means that we 
can achieve a jump in the electric field (Fig. 3) when going from high dielectric material to low dielectric 
material. From equation (2), we will see that introducing this jump in electric field helps us to decrease the 
modal volume by a factor of 𝜀𝜀2

2

𝜀𝜀1
. 

 
Figure 3. Achieving high local E-fields using a deep subwavelength-sized slit. 

However, such an embedded slit is not a gradual structure modification and leads to delocalization in k-vector 
space, which actually means that we will have a scattered field. These scattered components are almost equal to 
the magnitude of the excitation field and are the main reason for high losses and low Q. One way to decrease 
these losses is to use a channel instead of a slit. A channel helps to confine more light because for two reasons. 
First it lowers the frequency of the band edge, which means we will have a larger range of k-vectors confined 
under the light line (Fig. 1). Second, it helps to confine light in the z direction because of total internal reflection. 
Introducing a channel that goes all the way through the structure (not only the central defect) in the x direction 
also helps to increase the Q factor because of the more gradual band gap shift. 
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Using air as the low-dielectric-constant material helps to increase the jump in dielectric field by a factor of 𝜀𝜀2
2

𝜀𝜀1
, 

but air is not useful for many optical devices.  That is why it is important to use materials that have a higher 
refractive index as the low-dielectric-constant material, for example silicon dioxide. Optimizing the 1D cavity 
where the high-dielectric-constant medium is silicon and the low-dielectric-constant material has a refractive 
index higher than 1 is one of our goals. Using various types of materials instead of air (n > 1) as the low-
dielectric-constant material for ladder type and block cavities (Fig 4.) decreased Q by several orders of 
magnitude. This is mainly because of the narrower range of k-vectors that is confined in the structure (the light 
line is lower). 

 
Figure 4. Modification of block-stack cavity (Si/SiO2 cavity, Q ~ 24000 and V ~ 1 a3). 

A modification of the original bowtie structure [4] is suggested in Fig. 5. Here we use a buried channel instead 
of a slit that goes all the way through the structure in the z direction. To excite our cavity we use an 𝐄𝐄y  field.  
However, because of the scattering element in the center of the structure (in this case a channel), other 𝐄𝐄 field 
components appear (𝐄𝐄x  and 𝐄𝐄z). These two additional 𝐄𝐄 field elements are not confined in the structure and are 
radiated away. Therefore, 𝐄𝐄x  and 𝐄𝐄z  components in the center of a cavity are very small compared to the 𝐄𝐄𝑦𝑦  
field. 

 
a) 𝑬𝑬𝑦𝑦  field. 

 
b) 𝑬𝑬𝑥𝑥  field. 

 
c) 𝑬𝑬𝑦𝑦  field (x = 0 cut) d) Bowtie structure with a 

channel (x = 0 cut) 
e) 𝑬𝑬𝑦𝑦  field (x = 0 cut) f) Bowtie structure with a 

slit (x = 0 cut) 
Figure 5. Bowtie structure with implemented channel or slit in the center. The field strength is shown in blue and 

red shades, where the saturation is normalized to the respective E-field maximum. 

In Fig. 6 (pictures a and b), all three 𝐄𝐄 field components are shown ( 𝐄𝐄x
2

𝐄𝐄x (max )
2, 𝑬𝑬y

2

𝐄𝐄y (max )
2 and 𝐄𝐄z

2

𝐄𝐄z (max )
2). It is clearly 

visible that 𝐄𝐄𝑦𝑦  (solid red line) component in the bowtie structure with a channel instead of a slit is confined better 
due to total internal reflection. In this case, we use SiO2 instead of air as a low-dielectric-constant material. The 
condition for total internal reflection is: 
 Qi = arcsin⁡(n2

n1
) (3) 

where Q𝑖𝑖  is the incident angle, n2 and n1 are the refractive indices of the low-dielectric-constant and high-
dielectric-constant materials, respectively. From equation 3 we can see that light incident at an interface with an 
angle less than 𝑄𝑄𝑖𝑖  would be partially transmitted, while light incident at an interface at larger angles with respect 
to the normal would be totally internally reflected. That is why we need to make the ratio 𝑛𝑛2

𝑛𝑛1
 as low as possible. 

Thus, using SiO2 instead of air decreases the total internal reflection effect (lower range of Fourier components 
can be confined).  
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a) Z = 0, y =0 slice. 

 
b) X = 0, y = 0 slice. 

Figure 6. Bowtie structure with implemented channel or slit in the center. In pictures a and b localization of 𝑬𝑬2 
is shown. Here BC stands for buried channel and SL – slit. 

3. CONCLUSIONS 
High Q and low V structures were simulated. Different designs of photonic crystal micro cavities were 
investigated and it was shown in more details that it is possible to get low modal volume by introducing a 
channel or a slit in the center of the micro cavity which however in turn causes delocalization in k-vector space 
and a low quality factor. It was demonstrated that a channel is better than a slit because of guiding by total 
internal reflection in the z direction. In addition to this, it was shown that cavities which have silicon dioxide as 
the low dielectric material are worse compared to cavities with air because of reduced total internal reflection. 
This drawback, however, has to be taken into account when considering devices with cladding instead of air 
bridges, because the latter are not useful for integrated devices. 
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ABSTRACT 
Stable gold nanostars (AuNSs) with tunable extinction properties were obtained by chemical reduction. 
The theoretical computations put in evidence the existence of hot spots located on the tips of the nanostars 
up to 1200 nm wavelength and beyond, which opens the way to applications to enhanced FT Raman 
spectroscopy. The FT Raman enhancing capability of such nanostructures was validated by preliminary 
experiments through functionalization with thiol-terminated fluorescent compounds.  
 
Keywords: gold nanostars,  FT Raman spectroscopy, fluorescence 

INTRODUCTION 
The ultra fast development of the possibilities of matter manipulation down to the nanoscale, which occurred in 
the past 20 years, makes now available several types of metal/dielectric nanostructured materials (nanohybrids), 
which are based on coinage metals in the form of nanoparticles (MeNPs) in colloidal suspensions. Excitation of 
localized surface plasmons can enhance significantly both the extinction cross section and the local 
electromagnetic field, up to many orders of magnitude. These properties constitute the fundament of Surface 
Enhanced Raman Spectroscopy (SERS), with enhancements of the Raman response of molecular adsorbates 
which can reach values up to 1014–1015 in single-molecule experiments [1]. In particular, large SERS 
enhancements are obtained when incident and scattering radiations match the localized surface plasmon 
resonance (LSPR) maximum of the metallic nanostructure, which can vary in spectral position, intensity and 
width when the metal particles change size, shape and dielectric environment or - if they cannot be considered 
isolated as it occurs in the case of MeNIFs - when the interaction among neighbouring nanoparticles causes 
strong field localizations in the gaps. In many applications, such as those involving biological samples or 
fluorescent adsorbates, it is important to perform the Raman investigations at long wavelengths, that is in the 
Near Infrared (NIR) spectral region. For this purpose, several metal nanostructures have been proposed, ranging 
from nanorods to nanoprisms or nanocages. Such structures are quite effective around 700-900 nm. However, 
when the use of longer Raman exciting wavelength is required, nanostars, i.e. highly branched metallic 
nanostructures seem more promising [2].   

In this framework, this contribution reports on results of a theoretical and experimental investigation carried 
out on gold nanostars, with emphasis on the possibility of tuning their morphology in a controlled way, so that 
they can behave as active materials for SERS tests at NIR wavelengths. Although the presence of CTAB as 
stabilizing agent makes particle functionalization difficult [2], preliminary SERS experiments performed with a 
fluorescent dye bearing end thiol groups seem to confirm functionalization of the nanostructures and their field 
enhancing ability in the 1000-1200 nm range. 
 

RESULTS 
A feasible approach to move the LSPR above 700-900 nm spectral windows is that of using branched NPs, 
commonly known as nanostars (NSs). Ref. 2 describes a simple procedure to fabricate randomly branched 
Au nanostructures with predetermined extinction properties, which can be tuned from the visible at least up 
to 1800 nm. The protocol, which is a seed-less one, makes use of AgNO3 and of small amounts of NaOH as 
a control parameter for tuning nanoparticles morphology.  

Fig. 1a shows a TEM micrograph of NSs obtained without NaOH. They have the biggest size among the 
batches obtained with different NaOH concentrations and exhibit an extinction band which extends up to 
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1800 nm. The average geometrical features of this sample are: (224±14) nm core diameter, (114±48) nm 
branch length and (36±7) o tip angle.  

Theoretical simulations by a Finite Element Modelling (FEM)-based code permitted to calculate the 
electromagnetic field distribution around the typical nanostar tip belonging to this batch. The results are 
reported in Fig. 1b, which clearly shows formation of an intense hot spot at 1200 nm wavelength.  A similar 
distribution is obtained with 1064 nm wavelength, suggesting that such structures can be conveniently 
employed inn FT-Raman experiments. 
 

                                                                           
 

[1]                                                                         b)    
Figure 1. a) TEM image of gold nanostars and b) theoretical simulation of the distribution of electromagnetic 

field at typical nanostar tip for 1200 nm impinging wavelength.  
 

We tested the potentialities of NSs of Fig. 1 as FT Raman intensifiers by functionalizing them with the 
fluorescent compound of Fig. 2, the 2-(8-mercaptohexyl)-6-methoxy-1H-benzo[de]isoquinoline-1,3(2H)-dione 
(hereafter named Nafta6) [3]. The main photophysical characteristics of Nafta6 in CHCl3 are: λAbsorption = 363 nm; 
λFluorescence = 430 nm; Fluorescence Quantum Yield = 0.92; fluorescence life time = 6.6 ns.  
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Chemical structure of 2-(8-mercaptohexyl)-6-methoxy-1H-benzo[de]isoquinoline-1,3(2H)-dione 
(Nafta6). 

Its Raman spectrum in the powder state, obtained with 785 nm excitation, is reported in Fig. 3 (red line). The 
most prominent Raman bands detected in the spectrum of powders correspond to vibrational modes of 
naphthalene [4]. In particular, the bands observed at 510, 615, 1402, 1586 cm-1 are related to those of 
naphthalene at 514, 619, 1380 and 1578 cm-1, respectively. The two low-frequency bands (510, 615 cm-1) are 
attributable to ring bending modes and the others (1402, 1586 cm-1) to ring stretching modes. Lastly, the Raman 
band at 1694 cm-1 is due to C=O stretching mode.  

The NSs are obtained in aqueous solutions and stabilized by CTAB, which also behaves as templating agent. 
Although the presence of CTAB makes particle functionalization difficult [2], the small dimensions of Nafta6 
and the strong affinity of the thiol group for the gold surface are expected to favour it. For this purpose, the NSs 
were centrifuged twice (5 min @ 2500 rpm) to remove the CTAB excess. Each time the AuNS were redispersed 
in pure water. Then, they were incubated overnight with a 7.9 mM solution of Nafta6 in acetone. Lastly, three 
centrifugation cycles (5 min @ 2500 rpm) were performed to remove the excess of Nafta6 with subsequent 
redispersion in pure acetone. 

FT-Raman spectroscopy of Nafta6-functionalized AuNSs was performed at 1064 nm exciting wavelength by 
using a JASCO RFT-600 FT-Raman equipped with a JASCO FT/IR-620 spectrometer. The results are reported in 
Fig. 3, black line. Although the response of acetone is dominant, the non negligible fluorescence background 

O N O

OMe

(CH2)6SH
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confirms the contribution from Nafta6 molecules to the spectrum. Moreover, although weak, the two bands at 
1602 and 1404 cm-1 corresponding to the stretching modes of naphthalene are visible. In particular, the one at 
1602 cm-1 falls in a region where the Raman response of acetone is flat and it can be very well resolved.  

 

 
 

Figure 3. Red line: Raman spectrum of Nafta6 powders with 785nm excitation wavelength; black line: FT 
Raman spectrum of acetone suspensions of Nafta6-functionalized gold nanostars with 1064 nm excitation 

wavelength. 

Their visibility suggests that, not only surface functionalization was achieved, but also that the metallic 
structure provided SERS enhancement to the Raman response of NAFTA6. Indeed, under 1064 nm excitation, 
the two bands at 1602 and 1404 cm-1 correspond to scattered wavelengths above 1200 nm, i.e. double 
enhancement of the impinging and scattered radiation is obtained. Indeed, calculation show that Raman 
enhancement factors provided by this batch of AuNSs are of the order of 107 for both 1064 and 1200 nm 
radiation. 

CONCLUSIONS 
We have proposed AuNSs as suitable systems to move SERS response towards IR wavelengths, up to 1200 nm. 
Such nanoparticles, which can be obtained by chemical reduction and whose morphological and spectral 
properties can be tuned by properly adjusting the synthesis parameters, can be functionalized with small thiol 
terminated compounds. Theoretical modelling and preliminary FT-Raman experiments have provided very 
encouraging results, in view of their application to enhanced IR spectroscopy. 
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ABSTRACT 
In this paper theoretical analysis of  the optical properties of palladium-carbonaceous (Pd-C) nanocomposites has 
been presented. A complex effective refraction coefficients were calculated using Effective Medium 
Approximation (EMA) theory. The complex refractive indices of Pd and a-C (amorphous carbon) in spectral 
region of 200 – 2000nm were used as the input data, as  Raman spectra for experimental Pd-C samples show 
existence of amorphous graphite-like carbon structure with very small size of graphite clusters. It was shown that 
for wavelengths above 430nm the real part of  refractive index (n) increases with metal content in relation to the 
value characteristic of pure carbon, while for λ<430nm, the value of n decreases. 

 
Keywords: C-Pd nanocomposites, complex refractive index, Effective Medium Approximation, Raman 

spectroscopy 

1. INTRODUCTION 
The dynamic progress in the field of optoelectronic sensors requires the exploration of new materials with 
specific and desired properties. The carbon nanostructures (fullerenes, carbon nanotubes, carbon nanofoams) and 
also metallic-carbonaceous nanocomposites  are interesting examples of these materials.  For this reason, 
especially interesting are palladium-carbonaceous (Pd-C) nanostructures, due to their potential use as hydrogen 
sensors [1-3]. Palladium has uncommon ability to absorb hydrogen. This is because the size of gaps in the crystal 
lattice is well suited for particle size of hydrogen H2. There appears a number of applications in reference to this 
property. This analysis is focused on hydrogen sensors based on composites containing Pd nanocrystals. In that 
case metal is obtained from palladium compound, which significant reduces costs. The layers based on 
carbonaceous materials look especially promising.  

Based on Effective Medium Approximation (EMA) theory, optical properties of Pd-C nanocomposite should 
depend on the content of palladium and type of carbon allotropic form.  Since the complex refractive index of Pd 
is clearly different from the refractive index of carbon, even a small admixture of metal can lead to significant 
changes in value  of effective index and consequently to change the reflection coefficient of the layer. Moreover, 
the adsorbed hydrogen by Pd nanoparticles may also lead to changes in the final optical properties. This effect 
can be easily used in hydrogen sensing.  

Using EMA methods allows to predict the optical properties of nanocomposites of Pd-C, produced as thin 
layers. Real nanolayers are characterized by a high degree of surface roughness, therefore experimental 
measurements (ellipsometry) are difficult. In this paper theoretical analysis of optical properties of Pd-C 
nanocomposites based on the EMA theory  has been presented. The values of effective refractive indices and the 
reflection coefficients resulting from the Fresnel formula reflection were calculated.  

2. THEORETICAL MODEL 
The real palladium-carbonaceous (Pd-C) nanostructures were prepared in Tele- and Radioresearch Institute 
(Warsaw, Poland) using two-step PVD/CVD method, described in [4]. The thickness of the layers is 
approximately 300 – 400 nm. Based on the SEM images [3-5] palladium-carbon CVD nanostructures can be 
treated as nanocomposite consisting of Pd nanograins of the size of tens nanometers embedded in a carbonaceous 
matrix. In the figure 1 the model of the Pd-C CVD layer is presented. The positions of metallic nanograins of 
complex dielectric constant εM are marked by the darker places. Most of the film is filled with carbonaceous 
structure with a complex dielectric constant εC.  

The optical properties of the nanocomposites can be calculated using the optical coefficients of individual 
components. Well-known optical properties of palladium were used to examine the terms of the behavior of 
optical performance, as the structure of Pd nanograins is similar with Pd bulk.  In order to determine the 
allotropic form of the carbonaceous matrix, Raman spectra had to be performed first. This was necessary to 
properly establish the value of its refractive indices.  
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Figure 1.  Model of Pd-C nanocomposite 

For the calculation well-known Effective Medium Approximation (EMA) models, such as MGT (Maxwell 
Garnett Theory) and VAT (Volume Average Theory) can be used [6-9]. On the basis of that structure it seems 
reasonable to apply the MGT model for approximation of the complex refractive index layer, which includes 
diversity of molecules contained palladium.  

Basing upon  on MGT the effective complex  dielectric constant of the considered Pd-C nanocomposite can be 
calculated as: 
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where:  ( )2
MMM kin ⋅−=ε  - complex dielectric constant of Pd 

 ( )2
CCC kin ⋅−=ε - complex dielectric constant of carbonaceous matrix 

 δ  - volume fraction of Pd 

While the effective refractive index is equal: 

effkinN ε=⋅−=       (2) 

3. RESULTS AND DISCUSSION 

3.1. Raman study 
Figure 2 shows the Raman spectrum (Nicolet Almega XR Raman  spectrometer, 532nm excitation)  of Pd-C 
nanostructures prepared by use PVD/CVD method. In the range from 800 to 2000 cm-1 the characteristic G and 
D bands of amorphous graphite-like carbon (a-C) were observed [10]. In overtones range (2500-3500cm-1) the 
second order of G and D bands, and also C-H fraction band are also appeared.  

 
Figure 2. Raman spectra of  Pd-C nanocomposites 

The shape of the spectrum is characteristic for both amorphous carbon and defective graphite structures (sp² 
bond). The G peak observed  approximately in 1590cm-1 was active primarily in monocrystal graphite and it is 

Different sizes and 
irregular location of 
palladium particles 
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caused by the spatial chain configuration of carbon bonds with sp2 hybridisation. The D peak with the maximum 
observed in 1345cm-1 appears due to disordering of graphite structure. The ID/IG intensity ratio allows to 
determine the average graphite nanoclusters dimensions as 1-3nm. Based on the Raman studies it can be 
assumed that the carbon matrix of CVD samples possesses the optical properties similar to amorphous carbon.   

Different volume content of Pd does not affect the shape and position of characteristic bands. This allows 
assuming the identical values of the optical parameters for the carbonaceous matrix, independently on Pd 
volume. 

3.2. Theoretical calculation of optical coefficient 
The values of the refractive indices of palladium and amorphous carbon in wide spectral range from 200nm to 
2000nm are based on [11]. Based on presented above data it can be assumed the content of Pd from 0 to 10% of 
volume. To determine the effective complex refractive indices formulas (1) and (2) were used. The values of the 
complex effective indices of refraction were calculated. Figure 3 shows the absolute difference ∆n = nPd-C – nC 

and ∆k = kPd-C – kC of the Pd-C nanocomposite for different fraction volume of Pd (δ =1%, 2%, 3%, 4% and 
5%).  

 a)           b) 

    
c)       

 
 

Figure 3. (a) Change of  refractive index(n)  of Pd-C nanocomposites  at 1%, 2%, 3%, 4% and 5% volume 
content of Pd calculated by Maxwell-Garnett Theory in region 200-2000nm; (b) the same plot in a narrow 

wavelength range, showing the critical value to the wavelength of 430nm, (c) change of extinction coefficient (k)   

 

An anomalous behaviour of refractive coefficient was clearly observed for photon energy of 2.88eV (λ ≈ 
430nm). It was noted that for wavelengths above 430nm increasing of Pd content leads to an increase the 
refractive index n, while below 430nm, increasing of Pd leads to decrease of n. Change of the n value with the 
metal content is an almost linear for all considered range of wavelength and is equal ∼ -0.01 per 1% of Pd for λ = 
200nm and ∼ +0.042 per 1% of Pd for λ = 2000nm. The increase of δ leads to an increase of the extinction 
coefficient in the analysed wavelength range.  

The reflection coefficient (R) for normal incidence based on the Fresnel formula (3) was also calculated.  
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Figure 4 shows the calculated  reflectance coefficient R for layers containing 0%, 1%, 3% and 5% Pd and  
changes of R value in relation to the pure a-C layer. The R values increase significantly with increasing of δ. In 
IR region the changes of R value almost do not depend on wavelength.    

  
Fig. 4. Calculated reflection coefficient (R) of Pd-C nanocomposite (a) and changes of R value in relation to the 

pure a-C layer 

CONCLUSIONS 
Due to difficulties of experimental determination of the refractive indices in Pd-C nanocomposites, caused by 
large surface roughness and high dissipation of light, the values of n and k were calculated theoretically. The 
influence of Pd content on the value of the effective refractive index of Pd-C nanostructure was analyzed. The 
amount of the metal can lead to both growth and decline in the value of n, depending on the wavelength. 
Unfortunately, the results can also depend on the adopted model and the type of the carbon matrix. For this 
reason, the problem requires further experimental research and theoretical analysis.  
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ABSTRACT 
In this work we propose the Surface Plasmon Resonance (SPR) as  method to  obtain  relative extimations of the 
lateral mobility of solid-supported bilayer lipid membranes (ssBLMs), that is a decisive factor for the formation 
of lipid rafts (LRs). As their formation is accompanied by an efficient recruitment of the ganglioside GM1, its 
presence on a ssBLM is an effective indicator of the lipids lateral mobility. We have measured the amount of 
GM1 recruited when ssBLMs are formed with and without raft forming mixtures on two molecular gold-linked 
spacers. The differences in the detected GM1 are consistent with the nominally different lipids mobility on these 
supports. 

 
1.INTRODUCTION 
Systems mimicking physiological cell membranes on solid supports (solid-supported biomimetic lipids 
membranes, ssBLMs) are excellent models for studying in vitro their interactions with several biological 
molecules (ionic pumps, signaling agents, etc…)[1,2]. In particular, the performances of solid-supported 
biomimetic membranes are expected to be much better if they present a lateral mobility analogous to the 
physiological environment. Lipid lateral mobility is required for the formation of  important  microdomains 
enriched in cholesterol, sphingolipids and proteins, called lipid rafts (LRs). Lipid rafts, that have been related to 
the immiscibility of liquid-ordered (Lo) and disordered (Ld)  phases[3], serve as a platform for several 
membrane processes (e.g. signal transduction,  neurotransmission, receptor trafficking) , with important 
pharmacological implications [4,5].  
The formation of ssBLMs on a substrate is easily monitored with optical surface probe fields, mainly related to 
Surface Plasmon Resonance (SPR) phenomenon. As well known, this is  a label-free surface sensitive tool, and 
the related techniques, easily implementable with a standard lab equipment, allow the detection of the upset of 
adlayers near an interface with high resolution. Nevertheless,  no information about ssBLMs mobility can be 
directly inferred. For this purpose, alternative methods (Atomic Force Microscopy, fluorescence microscopy, 
optical waveguides) have been used, but each exhibits specific limitations in cost, hardware complexity or 
maximum measurement time. Even though  SPR alone is not sufficient for the measurement of ssBLMs 
mobility, we show that it allows the detection of LRs formation in  ssBLMs and therefore to obtain a relative 
evaluation of this important parameter.  
We used the monosialoganglioside GM1 as a LRs marker, since GM1 has been reported to partition 
preferentially in the Lo phase[6]. (Fig.1a). The amount of GM1 in ssBLMs when the ganglioside is added to a 
raft-forming lipid mixture is thus an indicator of the capability of the ssBLM to self-assembly in lo-ld immiscible 
phases and, in the end, of the ssBLMs mobility.  
GM1 recruitment can be easily detected via SPR by exploiting its well known high affinity for the 
homopentameric cholera toxin B subunit  (ChTB) (Fig1b), a protein that strongly binds to the GM1 to form well 
ordered two-dimensional crystalline arrays extending  ~2.5 nm in height above GM1-containing domains[7]. We 
report here  results obtained forming lo-ld GM1:ssBLMs onto self-assembled monolayers (SAM) of two 
different molecular spacers, on which lipids have an a priori different mobility. The SPR tests confirm a higher 
presence of GM1 in the mobile ssBLM, thus validating at the same time the proposed approach for the mobility 
estimation. 

2.TESTS AND RESULTS 
In order to set evidence of the proposed procedure, we have compared two cases which differ for the gold-linked 
molecular spacer on which the ssBLMs are assembled. The ssBLM are formed using a lipid mixture of 
dioleoylphosphatidylcholine (DOPC), sphingomyelin (or the similar palmitoylsphingomyelin, PSM) and 
cholesterol (Chol) (briefly DPC mixture), added with 20%mol of ganglioside GM1.   

The two molecular spacers were the tetraoxyethylene glycol-D,L-α-lipoic acid ester (TEGL,Fig.2a), on 
which lipids are expected to assemble in highly mobile ssBLMs, and the thiolipid  2,3-Di-O-phytanyl-sn-
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glycerol-1-tetraoxyethylene glycol-D,L-α-lipoic ester,(DPTL,Fig.2b), on which only a scarcely mobile lipid 
monolayer can assemble, and form a tethered BLM (tBLM) . 

 
 

 
Fig.1 (a) A solid-supported biomimetic lipids membrane (ssBLM), obtained starting from a lipid mixture made of  

dioleoylphosphatidylcholine (DOPC), sphingomyelin, cholesterol (Chol ) and ganglioside GM1 , shows 
immiscibility  of ordered (Lo) and disordered (Ld) liquid phases. If it can move laterally on a substrate it is more 

able to recruit GM1 in the lo areas. (b) The GM1 presence is detected with the binding to its specific ligand, 
ChTB. The different amount of bound ChTB produces different shifts in the resonance angle θsp 

 
 

                                 

                                                                    (a)                                                                                         (b) 

Fig.2 . Structures of: (a) 2,3-di-O-phytanyl-sn-glycerol-1-tetraethylene glycol-D,L-α-lipoic acid ester, (DPTL) 
and (b) [1,2]-Dithiloan-3-yl-pentanoic Acid 2-[2-[2-(2-hydroxy-ethoxy)-ethoxy]-ethoxy]-ethyl Ester (TEGL). 
ssBLMs. The S-S terminal groups favors the functionalization of gold transducers, while the other terminal 

groups are likely to favor the formation of partially mobile and mobile ssBLMs, respectively. 
 

Both DPTL and TEGL have gold-affine S-S groups that allows the self-assembly of these molecules on a 
transducing gold layer (50 nm nominal thickness) deposited by electron gun evaporation in high vacuum (2x10-6 
torr residual pressure) on a SF4 glass slide.   

The SPR measurements were performed with a RT 2005  setup (RES-TEC Resonant Sensor Technology) 
based on the angular interrogation by a collimated He-Ne laser beam (wavelength: 633nm) of a Kretschmann 
stage (a SF4 prism oil- matched to the metal-coated SF4 slide) coupled to a PTFE cell that hosts all the solutions 
necessary for the gold functionalization, for the ssBLMs formation and the GM1-ChTB binding reactions. 

First, we functionalized a gold layer deposited on a SF4 slide with TEGL. Then, a hexane solution of raft-
forming mixture plus GM1 20%mol is put in contact with the Au/TEGL support. Once the solvent has 
completely evaporated the dried lipid film (DPC:GM1) is exposed to water. The subsequent self-organization of 
the lipids is monitored recording the time course evolution of the SPR spectrum. After about 15 hours the 
spectrum  reaches a steady state, which corresponds to the formation of a ssBLM with uniformity of the same 
order of that of TEGL/water interface, and an average  membrane thickness of (6.2 +/- 0.3) nm, calculated by 
best fitting of the spectrum supposing a refractive index for lipids equal to 1.47 .  

After the verification of SPR spectrum stabilization with two further rinsing cycles, a ChTB water solution 
(0.86x10-7 M) was injected into the cell. ChTB binding to the ssBLM was monitored in time, recording the 
variations of the angular positions  ∆θsp (DPC/TEGL) of the SPR minima with respect to that obtained before the 
ChTB addition. In order to evaluate the uncertainty due to accidental inclusion of GM1, for example due to 
membrane defects, more tests have been performed to check the reliability of the method. Four samples were 
realized and tested, and the average regime value of the  ∆θsp (DPC/TEGL)=2.1° is found after 20 hours (Fig.3).  

Then, we performed  SPR reference tests to monitor the recruitment of GM1 onto ssBLMs obtained starting 
from lipid mixture mimicking only the ld-phase, therefore made of DOPC and GM1.  
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GM1 recognition is evidenced by the angular shifts ∆θsp (DOPC/TEGL) of the spectra recorded after the 
DOPC:GM1-ssBLM rinsing and stabilization and by the successive recognition of ChTB .A regime average 
value of ∆θsp (DOPC/TEGL)=1.1° is found after 20 hours (Fig.3)  

The difference  ∆θsp (DPC/TEGL) - ∆θsp (DOPC/TEGL) =1.0°  increases with  the quantity of GM1 recruited 
in the raft-like domains. 

Subsequently, analogous test were performed  with DPC:GM1-ssBLMs and with the control DOPC:GM1-
ssBLMs assembled on Au/DPTL transducers. Also in this case the tests were repeated four times for each of the 
two lipids composition. 

Average saturation values of the angular shifts were found to be ∆θsp(DPC/DPTL) = 0.48° and 
∆θsp(DOPC/DPTL) = 0.38°. In this case, the difference ∆θsp (DPC/DPTL) - ∆θsp (DOPC/DPTL) =0.1°  is ten 
times lower than that calculated for ssBLMs formed on TEGL. These results indicate that ssBLMs formed on 
TEGL have a more pronounced tendency to reorganize in GM1-rich domains, and proves at the same time a 
higher lateral mobility of lipids on TEGL 

The reproducibility of the tests, evidenced by the error bars in the kinetics of Fig.4, proves that the GM1 
enrichment on both TEGL and DPTL is not due to an accidental localization of the ganglioside, but it is imposed 
by lipids reorganization on DPTL and TEGL spacers.  
 

Fig.3 SPR association kinetics of GM1-ChTB binding after the ssBLMs stabilization of : (■) DPC:GM1 and (●) 
DOPC:GM1 on Au/TEGL;  (☐) DPC:GM1 and (○) DOPC:GM1 on Au/DPTL. 

 
 
3.CONCLUSIONS 
 
In conclusion, our results prove that SPR is an effective method to monitor lipids lateral mobility on a solid 
support via the formation of raft-like domains and the consequent enrichment with ganglioside GM1. With 
respect to other techniques, our SPR tests are able to detect lipids reorganization with no need of labeling 
molecules and have no problem of time duration (as would be the case of fluorescence related techniques), so 
getting evidence also of very slow lipids lateral movements. Moreover, the tests are not limited neither by the 
extension of the raft-like domains nor by the thickness of the spacers. Finally, they do not need expensive 
equipments or substrates with extremely low  roughness requirements, as is typically requested by AFM 
diagnostics.   
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ABSTRACT 
In this paper the results of experimental study of optical properties of carbon-palladium (C-Pd) thin film 
nanocomposites are presented. These films were prepared by using the PVD method. The optical transmittance 
measurement shows a strong change of transmission properties in comparison to substrate – fused silicon. In the 
region 200 -400 nm the samples are not transparent, but in the region 400 - 850 nm transmittance is increased 
and remained constant for λ > 850 nm. For theoretical analysis the nanolayers approach is proposed to explain 
the unusual optical transmittance properties.  
 
 
Keywords: Carbon-palladium nanocomposites, nanolayers, PVD,  UV-VIS-NIR spectroscopy. 

1. INTRODUCTION 
Investigation of optical characteristics of disordered media is important from both fundamental and technological 
points of view [1].  Nanocomposite C-Pd thin films are becoming an interesting object of studies thanks to their 
physical features, especially electrical [2, 3] and optical properties [2, 4].  
   In recent years new nanocomposites containing palladium and carbon nanostructures have been prepared in 
Tele- and Radio Research Institute [3, 5].  In this paper the study of some structural and optical properties based 
on optical transmission spectroscopy (OS) and Raman Spectroscopy (RS) techniques are presented.  
 There are different simulation methods for theoretical analysis of specific optical properties of nanocomposite 
materials [1]. In the present work the nanolayers approach is suggested and tested. 

2. EXPERIMENTAL SETUP 
Thin carbon-palladium layers were obtained on fused silica substrate using PVD method, described in detail in 
[3,4]. The layers obtained are a carbon-palladium nanocomposite where palladium nanograins are embedded in 
the carbonaceous matrix.  
The molecular structure of films was studied by using Raman spectroscopy (Nicolet Almega XR spectrometer, 
excited with 532nm line). The spectra were recorded in the range from 100 to 4000 cm-1. The beam of a 
relatively small power, equal to 0.25mW, was focused in the area of 1μm x 1μm by using the microscopic lens 
x50. The transmission spectra measurement was carried out by means of Cary 5000 dispersion  
spectrophotometer in the range from 200 – 3200nm, with the resolution of 1nm. 

3. RESULTS AND DISCUSSION 
 

3.1. Raman study  
In Fig. 1 the Raman spectra of PVD samples, described by different technological processes 1, 2 and 3, are 
presented. Different allotropic forms of carbon  are observed in carbonaceous matrix. The location of 
characteristic bands in the spectra confirms the dominance of the fullerite structure in such type of samples. The 
spectra for particular samples are highly similar, differing slightly with respect to band width. Sample no. 2 is 
characterised with the spectrum most differing from the fullerene spectrum which may be related to the greater 
structure deformation degree. However, for each spectrum it is possible to isolate all 10 modes observed in C60 
fullerene in every spectrum [6]. It should be stressed that the fully-symmetrical modes (breathing mode at 
495cm-1 and pentagonal pinch mode at 1465cm-1 [6]) are clearly attenuated when compared to the pure fullerene. 
This confirms a certain long-range order in PVD samples. In the work [4, 7] it was shown that the fullerene 
spectra strongly depend on the crystallographic structure. 
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Fig. 1. Raman spectra of PVD sample 2 and fullerene [4] 

 
3.2. Optical spectroscopy study 
In Fig. 2 the optical transmittance spectra for PVD samples are presented. These samples are characterised with a 
very low attenuation coefficient in IR range and a high value of this coefficient in the UV range. This property is 
characteristic for fullerene, the presence of which was detected by using Raman spectroscopy. Results were 
published earlier in [4].  

 
Fig. 2. Transmittance spectra of PVD samples [4] 

UV-VIS spectroscopy of fullerenes indicates the presence of strong absorption bands in the range from 
200-400nm, related to the electron transition in C60 molecule structure [6]. In PVD sample spectra below 800nm  
a gradual decrease in the optical transmittance coefficient value is  observed, until it reaches zero in the UV 
range.  
Near 2700nm (0.45eV), a strong absorption band originating from the silica substrate is observed. In NIR region 
the transmittance coefficients are subject to the quasi-periodic modulation resulting from the interference on the 
boundaries of the carbon-palladium layer. The location of the local minimums and maximums varies for 
particular samples which may confirm the diversified sample thickness and/or various values of the layer 
refractive effective coefficient neff . The minimum optical transmittance coefficient value falls for the wavelength 
values where the wave reflected from the layer-air boundary is phase-coincident with the wave reflected on the 
layer-substrate boundary. 
 

3.3. Theoretical model 
Thin films of PVD C-Pd nanocomposites (of overall thickness ~300 nm) deposited on SiO2 substrate (of 1 mm 
thickness) can be treated as a multilayer structure consisted of different nanolayers of carbon, Pd and air. The 
consideration of disordered medium as the stack of nanolayers forming the material, is an alternative to the 
traditional theoretical approach known as an effective index approximation. The nanolayers approach needs the 
correct solution of relevant boundary problem for layers of composite by making the calculation for different 
alternations of layers. For the boundary problem solution the method of single expression (MSE) is proposed 
what permit to treat dielectric and metallic nanolayers with the same ease. The MSE is an advanced approach for 
boundary problems solution and oriented on correct wavelength scale tasks’ solution [8]. In the MSE solution of 
Helmholtz’s equation is presented as a single expression regarding the resulting amplitude and phase of electric 
or magnetic field component of electromagnetic wave. This type of solution presentation permits to escape 
severe restrictions of superposition principle, what is inherent feature of traditional counter-propagating waves 
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approach for Helmholtz’s equation solution presentation.       
By correct solution of relevant boundary problem for thin layers of composite and substrate it is possible to have 
suitable results in agreement with experimental ones. 
Theoretical analysis of the results and further research in experimental direction will be useful for better 
understanding this unusual optical properties of nanoporous carbon–metal composite thin films.  
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ABSTRACT 
Fibre-to-chip grating couplers are efficient components for coupling radiation from optical fibre to waveguide, 
as they require no facet preparation and enable wafer scale testing. In this work this type of coupler was designed 
in SOI platform with sub-wavelength grating for refractive index transformation and matching, which is suitable 
for photonics integration circuits. The optimization of the coupler was performed by beam propagation method 
and 3D FDTD for maximization of coupling efficiency between telecom SM fibre and SOI wire waveguides. 
The input wavelength, pitch size and angle of launch field were optimized. 
 
Keywords: fibre to chip grating coupler, sub-wavelength, silicon on isolator, pitch size 

1. INTRODUCTION 
Fibre-to-chip couplers are key components in Silicon photonics, because direct coupling optical radiation from 
optical fibre to facet of waveguide designed in silicon-on-isolator (SOI) is difficult. The cross section of 
waveguide is 250nm x 450nm. There is some designs as 3D tapers [1], inverse tapers [2], microlenses [3] and 
sub-wavelength waveguide grating couplers [4,5]. 
Grating couplers operates with extracted radiation from optical fibre and towards it in to waveguide. Dimensions 
of fibre-to-chip grating coupler were designed for conventional single mode optical fibre. Output of coupler is 
planar waveguide with dimensions for spreading of light in fundamental mode.    
For the design and simulation we have used RsoftCAD that is the core program in the Rsoft Photonics Suite, and 
acts as a control program for passive device simulation module BeamPROP. The other suitable simulation 
method is finite-difference-time-domain (FDTD) method. 

2. FIBRE-TO-CHIP COUPLER GRATING DESIGN 
Geometry of the fibre-to-chip coupler is illustrated schematically in Fig. 1. The diffractive grating is along the z 
direction. The coupler consists of first segment with sub-wavelength grating along the x axes, following the next 
tapered segment which adjusts cross-section of segment with grating to cross-section of output waveguide (spot 
size converter). Along z axis the duty cycle of the structure is changed by size of holes in grating. It depends on 
effective refractive index. If the duty-cycle is large (small air holes) then effective refractive index is similar to 
Silicon and reduces back-reflections. If the duty-cycle is smaller, then effective refractive index is decreased.  

 
Figure 1. Schematic view of the fibre-to-chip grating coupler  

Fibre-to-chip coupler is designed in SOI platform. It means using a 260nm thick silicon layer on a 2µm thick 
bottom oxide. Contour map of the refractive index such structure is shown in Fig. 2. Grating operates with TM (y 
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axis) polarized light. Sub-wavelength grating along the x axis seems like homogenous medium. The pitch size is 
0.57 µm.  
 

a) 
Air 
Si 
 
 
 
 
 

            SiO2 
 
 
 

Si 
 

b) 

 

Figure 2. (a) Contour map of the refractive index of fibre-to-chip grating coupler.  
(b) Cut of index profile at x = 0  

 

3. SIMULATION RESULTS 

Simulations are performed by RSoft BeamPROP simulation tools.The computation core of the program is based 
on a finite difference beam propagation method. This technique uses finite difference methods to solve the well-
known parabolic or paraxial approximation of the Helmholtz equation. In addition, the program uses 
“transparent” boundary condition following. We used simple implementation of the transparent boundary 
condition. It effectively lets radiation pass through the boundary and leave the computation domain. Fibre-to-
chip coupler in simulation domain is illustrated in Fig. 3. 

 
Figure 3. Fibre-to-chip coupler in simulation domain 

Next approach used for the simulations is finite-difference-time-domain (FDTD) method. It calculates the 
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electromagnetic field as a function of time and space in a given refractive index structure in response to a given 
electromagnetic excitation. The FDTD method is a rigorous solution to Maxwell`s equations and does not have 
any approximations or theoretical restrictions.  

 

3.1. Output power dependence on wavelength of launch field  
 Fibre-to-chip coupler is designed for telecom spectral C-band. In this relatively wide spectral range  
(cca 200 nm) the designed coupler can be effectively used for coupling of optical radiation from 
telecommunication optical fibre to planar waveguide. The spectral dependence of optical power level in 
output planar waveguide is shown in Fig. 4. Insertion losses are less than 1.22 dB at 1580 nm 
for pitch size 0.57 µm and angle of launch field 20° as the simulation parameters. 

 
Figure 4. Spectral dependence of optical power level in output waveguide (for pitch size 0.57 µm and angle of 

launch field 20°) 
 

3.2. Output power dependence on pitch size   
In Fig. 5 is illustrated the optical power level dependence on pitch size of grating. Input wavelength 1.55 µm and 
angle of launch field 20° were taken as simulation parameters. The pitch size is critical parameter to achieve 
small insertion losses. As it is clear from this design there are two possible wavelengths to obtain small insertion 
losses (Fig. 5), 510 nm and 580 nm respectively. 
 

 
Figure 5. Dependence of optical power level in output waveguide on pitch size (for wavelength 1.55 µm and 

angle of launch field 20°) 
 

3.3. Output power dependence on angle of launch field 
Fibre-to-chip coupler is used for wide range of launch field angle. The simulated dependence of optical power 
level in output waveguide on angle of launch field is illustrated in Fig. 6. (The simulation parameters are 
wavelength 1.55 µm and pitch size 0.57 µm.) 
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Fig. 6. Dependence of optical power level in output waveguide on angle of launch field for wavelength 1.55 µm 
and pitch size 0.57 µm. 

 

4. CONCLUSIONS 
In this paper the fibre-to-chip optical coupler design with sub-wavelength grating is optimized for maximization 
of coupling efficiency between telecom SM optical fibre and SOI wire waveguides. The simulation results 
showed appropriate parameters, which predisposed this photonic device for applications where the coupling of 
optical radiation from conventional telecommunication SM optical fibre to the SOI wire waveguides is needed. 
The optimized coupler design has less than 1.22 dB overall coupling losses at 1580 nm. 
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ABSTRACT 
RE-doped Y2O3 system are some of the most important optical materials: having high luminescence efficiency, 
chemical and thermal stability, they are used in the production of optoelectronic devices such as laser materials, 
energy conversion devices, display panels, bio imaging probes and anti-counterfeiting tags. 

In this work we report an optical study of Eu3+ and Tb3+ codoped Y2O3 nanocrystals synthesized by Pechini-
type sol-gel method. The particles have been investigated in terms of size and morphology by means of X-ray 
diffraction and transmission electron microscopy, showing how the simple Pechini method allows the growth of 
monocrystalline nanoparticles. Moreover the optical properties of Eu3+ and Tb3+ in the host lattice are studied in 
terms of PL, PLE and lifetimes as a function of their concentration and interaction. In particular an efficient 
energy transfer between the two ions occurs in co-doped samples, increasing the optical emission in the red 
spectral region. 

Detailed analysis of the morphological and optical properties of the system is reported, demonstrating the 
feasibility of the method to easily obtain efficient red nanophosphors. 

 
Keywords: nanophosphors, yttria, rare earths, energy transfer, europium, terbium. 

1. INTRODUCTION 
Nanophosphors are solid, inorganic, crystalline materials in the nanoscale dimensions that show luminescence 
upon excitation. These materials are increasingly attracting the interest of researchers for their possible use in 
many fields since they have characteristics absorption and emission properties, different from their bulk 
counterparts, with increased efficiency and lifetimes. Our group has already worked on rare-earth doped 
luminescent silica and zirconia nanoparticles [1, 2] for different applications. In this paper we explore the 
synthesis of luminescent Eu3+ and Tb3+ codoped Y2O3 nanocrystals. This oxide is chosen as host because it is 
characterized by a low phonon frequency, which makes the non-radiative relaxation of excited states inefficient, 
excellent refractory properties with a melting point of 2450°C and high thermal conductivity [3]. Indeed, rare 
earth doped Y2O3 systems are some of the most important optical materials: having high luminescence 
efficiency, chemical and thermal stability, they are used in the production of optoelectronic devices such as laser 
materials [4], energy conversion devices, display panels, bio imaging probes [5] and anti-counterfeiting tags [6]. 

Rare earths are considered the most promising elements as activator of nanophosphors since they have 
particular optical properties due to their special electronic configuration. The characteristic luminescence of rare-
earth ions is attributed to the 4f shell, which is not entirely filled [7].  

One of the goals in nanoparticle synthesis is to produce controlled, monodisperse nanoparticles. The Pechini 
method [8, 9] is a simple and inexpensive approach with the advantage to provide reproducible and 
monodispersed nanocrystals, therefore it is very interesting for our purposes. This technique consists in using a 
complexing agent, in our case citric acid, as chelating ligand of metals salts like nitrates. The formation of stable 
complexes and their polyesterification with a polyhydroxy alcohol (ethylene glycol) forms a polymeric resin, 
which immobilizes the metal complexes in a rigid organic polymer network, reducing segregation and ensuring 
compositional homogeneity. Calcination of the polymeric resin at a moderate temperature (500-1000°C) then 
produces pure phase multi-component metal oxides. 

The aim of this work is the synthesis of Eu3+ and Tb3+ codoped Y2O3 nanocrystals via Pechini method and their 
morphological and optical characterization as a function of the synthesis procedure, reagents amounts and RE 
content. It will be shown the possibility to obtain monocrystalline highly luminescent nanoparticles which can 
have applications in many optical fields. 

2. EXPERIMENTAL 
Y(NO3)3 (Sigma Aldrich), Eu(NO3)3 . 5H2O (Sigma Aldrich), Tb(NO3)3 . 6H2O (Sigma Aldrich), citric acid 
(Carlo Erba), ethylenglycole (Acros Organics), and HNO3 60% (Sigma Aldrich) were used for the preparation of 
Y2O3:Eu,Tb nanoparticles without further purification.  

The Eu3+ and Tb3+ doped Y2O3 nanoparticles were synthesized using the Pechini sol-gel method. Every sample 
was prepared by addiction of yttrium, europium and terbium nitrate, citric acid and ethylenglycole in a solution 
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of HNO3 60%: H2O (1:1). The molar proportion between the salts, the citric acid and the ethylenglycole was 
chosen at 1:3:4.5. The solutions obtained were heated at 100 °C under magnetic agitation until gelation and let 
react about 12 h in order to eject completely NOx gases. After this treatment the products were transferred in a 
crucible and burned in a muffle at 800 °C in air for about 2 hours. Different Eu and Tb concentrations were 
studied, from 0.5 mol% to 4 mol%. 

The morphology of the synthesized particles was investigated by means of X-ray diffraction (XRD) and 
trasmission electron microscopy (TEM). The XRD patterns were collected at room temperature with a step size 
of 0.05° in the preset-time mode (10 s). To improve the signal-to-noise ratio at least 3 runs were measured. 
Philips diffractometers, equipped with a focusing graphite monochromator on the diffracted beam and with a 
proportional counter with electronic pulse height discrimination, were used. TEM images were taken at 300 kV 
with a JEOL 3010 instrument, having an ultrahigh resolution (UHR) polepiece (0.17 nm point resolution) 
equipped with a Gatan slow-scan CCD camera (model 794) and an Oxford Instrument EDS microanalysis 
detector (model 6636). The powdered samples were dispersed in isopropyl alcohol solution by sonication and 
then deposited onto a holey carbon film. 

Photoluminescence properties in the UV and visible regions (260-750 nm) were measured with a FluoroLog-3 
system Horiba JobinYvon. The system is equipped with a 450-W Xe excitation lamp for PL excitation and 
emission measurements. Time resolved PL measurements were carried out at R.T. under excitation at 310 nm 
using a pulsed laser Nd:YAG NT 342/3/UVE/AW Ekspla. 

3. RESULTS AND DISCUSSION 

3.1. Morphological analysis 
An example of X-ray diffraction pattern for the sample containing 1 mol% Tb and 0.25 mol% Eu is shown in 
Fig. 1, evidencing a single crystalline phase which corresponds to the cubic phase of Y2O3 (ICSD #160890). The 
same result was found for all the samples, both containing Tb and Eu. The presence of the only cubic crystalline 
phase for yttrium oxide is in agreement with the thermal treatment made at 800 °C. Moreover the absence of 
other peaks in the X-ray diffraction spectrums is an evidence of the success of the synthesis. The determination 
of the crystallite sizes, the size distribution and the lattice microstrain was conducted by a line-broadening 
analysis. The reflection broadening in the XRD patterns is attributed mainly to three kinds of contributions: 
crystallite size, microstrain, and the instrument itself. The Warren-Averbach Fourier transfer method [10] was 
used for the line profile analysis in order to separate the effect of crystallite size and microstrain on reflection 
broadening and to calculate the distribution of crystallite size and microstrain of the samples. The results of the 
analysis show crystallites with a volume-weighted average size < L >vol of about 30 nm. 
 
 

 
Fig. 1. X-ray diffraction patterns of Y2O3 and Tb 1% Eu 0.25% doped Y2O3 powders annealed for 2 h at 800 °C. 
 
An example of HRTEM image of the synthesized nanoparticles is reported in Fig. 2. No changes in structure and 
sizes were noted in samples with different concentrations of europium and terbium. Aggregates composed of 
many nanoparticles were found in the samples. These nanoparticles are monocrystalline, as show in Fig. 2, with 
an average size of about 33 nm, in perfect agreement with the average crystallite size < L >vol calculated from the 
XRD line profile analysis. Furthermore the distance between the crystal planes of the nanoparticle is 3.01 Å, 
corresponding to the (222) crystal plane of cubic Y2O3. The presence of Tb or Eu in the Y2O3 structure as 
substitute of Y is also confirmed by the microanalysis. The results of the XRD and TEM analysis show that the 
Pechini method is able to produce monocrystalline nanoparticles of Eu3+ and Tb3+ codoped Y2O3. 
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Fig. 2. High-resolution TEM image showing the crystal planes of a single monocrystalline nanoparticle. 
 

3.2. Optical properties 
The left side graph in Fig. 3 reports the PL emission spectra of single doped and codoped samples. The Eu doped 
samples show the characteristic peaks of Eu3+ ions, with a maximum emission related to the 5D0 → 7F2 transition 
at 611 nm. The Tb doped samples show the characteristic peaks of Tb3+ ions, with a maximum emission related 
to the 5D4 → 7F5 transition at 543 nm. All these spectra have been obtained by 310 nm excitation which is 
efficiently absorbed by Tb3+ ions. Both the emissions can be seen on samples containing 1 mol% Tb and 
increasing Eu contents. Moreover the 1 mol% Eu doped sample is also reported, showing very low emission 
intensity due to the low absorption of that wavelength by Eu3+ ions.  
 
 

             
 
Fig. 3. PL emission spectra of the samples containing different Eu3+ and Tb3+ concentrations (left) and integrated 
PL intensities at 343 nm Tb3+ ions and 611 nm Eu3+ ions at increasing Eu contents. 

 
By increasing the europium concentration in the codoped samples we can observe the lowering of the Tb3+ 

emission and the increasing of the Eu3+ one, pointing out an energy transfer mechanism between the two ions. 
This behaviour is even clearer in the right side graph of Fig. 3, showing the integrated intensities from the two 
ions. Photoluminescence excitation and lifetime measurements (not reported here) are fully in agreement with 
this hypothesis. Indeed the PLE spectra in samples containing only Eu3+ ions are characterized by specific 
absorption peaks, while in codoped samples they recall the excitation of Tb3+ ions, which consists of two 
overlapping bands centred at about 271 nm and 304 nm, in agreement with previous reports. The origin of these 
bands is associated with the charge transfer (CT) from the orbitals 2p of O2- to the 4f of Tb3+ [11], or with the 
intra-band transitions 4f-5d of Tb3+ in the particles [12]. This means that Eu3+ emission can be excited via Tb3+ 
absorption. 

Lifetime analysis further confirms the previous conclusions. In particular we measured the lifetime of Tb3+ 
emission related to the 5D4 → 7F5 transition at 543 nm for different europium concentrations up to 2 mol%, 
obtaining a decrease from 4.5 ms to 3.7 ms. 



MINAP 2012 

174 
 

4. CONCLUSIONS 
The morphological and optical properties of Eu3+ and Tb3+ doped Y2O3 nanocrystals synthesized by Pechini-type 
sol-gel method is reported. X-ray diffraction and TEM analysis have shown the presence of monocrystalline 
Y2O3 nanoparticles in the cubic phase. Moreover, the average crystallites size calculated by line profile analysis 
of XRD spectra are in agreement with the average nanoparticles size evaluated by HRTEM of about 30 nm.  

The study on PL, PLE and luminescence decay has indicated that an efficient energy transfer occurs between 
Tb3+ ions and Eu3+ ions in Y2O3, increasing the red emission at 611 nm and allowing exciting the europium ions 
in a larger wavelength range. The easy synthesis method and the efficient emission make these nanophosphors 
very interesting for a wide range of applications. 
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ABSTRACT 
Waveguiding configuration used in a femtosecond pump-probe experiment, when pumping/probing from the 
edge of waveguide, is presented. Photoinduced transmission and absorption recovery dynamic investigation was 
performed in a wide range of wavelength 1225-1380 nm covering resonant ground state levels of chirped 
quantum dot devices. Absorption saturation results compared with electroluminescence gave qualitative insight 
to density of states distribution. From the absorption recovery kinetics subnanosecond lifetimes for the ground 
state were considered. 
 
Keywords: InGaAs quantum dots, waveguide, femtosecond. 

1. INTRODUCTION 
Pump-probe experiment is a traditional method for measuring transient processes in materials. Basically, the 
method is configured when exciting optically thin media. Waveguiding configuration of that experiment is a 
quite rare option specified by pump/probe from the edge of waveguide. Advantage of this technique is long 
distance light-media interaction. Signal detection using sophisticated heterodyne technique was used in the 
waveguide configuration to investigate dephasing and population dynamics in InGaAs quantum dot  (QD) 
devices [1]. InGaAs QD serve as reliable active material in semiconductor optoelectronic devices (SESAM’s [2], 
ridge waveguide modulators [3], photonic devices [4]). For developing new ultrafast optoelectronic devices 
charge carrier dynamics on femtosecond time scale are still challenging issues. Based on our experience to 
investigate InGaAs QD by femtosecond pump-probe technique we have applied the waveguiding configuration 
to measure photoinduced light transmission in InAs/InGaAs quantum dot waveguide. 

2. RESULTS AND DISCUSSION 
520 nm thick GaAs waveguide comprising InAs/InGaAs QD’s surrounded by Al35Ga65As claddings grown on a 
Si-doped GaAs substrate were fabricated. 10 layers of QD’s in each structure split into 3 groups (4+3+3) of 
monolayer of 0.8 nm InAs, 1.3÷4.5 nm In0.15Ga0.85As, followed by 35 nm of GaAs buffer material formed the 
active region. Each group revealed a luminescence peak positioned at 1285, 1243 and 1211 nm, respectively. 
The chirped QD’s structure was designed to gain broader spectra. Three semiconductor optical amplifiers (SOA) 
samples (Nr.1, 3 and 4) were selected. Devices had AR coating deposited on both front and back facet. The 
waveguide fabricated was 5.16 mm long with a 6μm ridge width. 
 To investigate propagation of ultra-short pulses through SOA a set-up for pump-and-probe 
measurements in a waveguiding configuration was constructed. Schematic of the configuration is depicted in 
Fig.1. From the optical source – Ti:Sapphire oscillator (1 kHz, 180 fs, 800 nm) with two „Superspitfire“ 
amplifiers (Spectra Physics) with OPG (TOPAS, Lithuania) – pulses within wavelength range of interest 1210–
1380 nm were selected. Two independently tuned channels for pump and probe beams were used. In order to 
investigate temporal changes in transmission due to absorption saturation affected by the pump pulse, the probe 
pulse was delayed in time by an optical delay line. Both beams orthogonally polarized collinearly overlapped, 
while coupling into the waveguide. Using a Glan prism behind the waveguide probe beam polarization was 
separated from the pump. Up to ~80 pJ per pulse was used for pump. Chopper served as to probe the sample in 
both excited and unexcited situation. The registration was performed using InGaAs photodiode. The track of 
measurement was as follows: at fixed points of the delay the probe beam with or without pump (fixed value) was 
measured, then, difference in signals was evaluated and presented as kinetic of photoinduced transmission 
change. Following that absorption saturation and absorption recovery kinetic was measured depending on the 
pump energy. The pump and probe pulse wavelength was tuned to 1260 nm (bandwidth 16 meV) to fit the 
ground state transition of the mid groupof the chirped QD’s. All measurements were performed at room 
temperature. 
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 Spectroscopy of resonant levels by means of degenerate pump-probe technique was performed. The 
waveguiding configuration of the pulse propagation, when light traverses the active area for several millimetres, 
serves for relative prolonged interaction between light and QD, therefore high photoinduced transmission could 
be expected. Wavelength 1243 nm expressed as a relative peak in the electroluminescence spectra confirmed the 
characteristic ground state for the particular mid group of the chirped quantum dots. Taking into account 
femtosecond pulse spectral bandwidth wavelength 1260 nm was well selected for measuring photoinduced 
absorption saturation to cover the spectral interval of QD’s. From three selected SOA samples (Nr.1, 3 and 4) 
sample Nr.3 featured best the phenomena manifesting relative high concentration of ground states involved 
(Fig.3). It corresponds quite well to the electroluminescence spectra range of 1220-1260 nm for the sample. The 
photoinduced transmission intensity dependence, however, indicates less density of ground states for sample 
Nr.4, what is expressed by saturation of absorption bleaching reached already at lowest pump energy of 0.01 nJ 
(Fig.3). Careful reading of the kinetic revealed that no fast component in the decay process appear for both 
samples Nr.3 and Nr.4. As seen from the kinetics measured absorption saturation lasts for tens of picoseconds 
without fast decaying (Fig. 2). Only after hundreds of picoseconds the probe got substantially absorbed 
indicating relative long lifetime for the ground state. However, we observe some inhomogeneity in the kinetics 
measured – an increase of the signal nearly doubled appears after ~15 ps delay, what speaks for some additional 
input to the photoinduced transmission signal. In non-degenerate experiment, when pumping the sample Nr.3 
close to spectral maxima at wavelength 1260 nm, an increase of photoinduced transmission with decreasing 
quantum energy of the probe was observed. This tendency indicates rather broad distribution of states involved. 
Effective pumping of the wetting layer followed by carrier fast transition into QD’s of different size may serve as 
an explanation. Spectroscopy of the resonant levels by means of degenerate pump-probe technique was also 
performed and is discussed. 

Figure 2. Kinetics of photoinduced optical 
transmission change of InAs/InGaAs SOA’s 
(sample Nr.3) measured for various pump energies 
at wavelength 1260 nm (degenerate). Pump energy 
– 0.005(lowest curve), 0.01, 0.02, 0.04, 0.08 nJ. 
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Figure 1. Schematic of the pump-probe 
measurement in waveguide configuration. 

Figure 3. Photoinduced optical transmission of 
InAs/InGaAs SOA sample Nr.3 and Nr.4 
depending on pump energy measured at 1260 nm 
and 1250 nm wavelength, respectively. 
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3. CONCLUSIONS 
Waveguiding configuration has been proved as an efficient tool to gain photoinduced effects via prolonged light–
media interaction. Spectral investigation of photoinduced transmission demonstrated correlation with 
electroluminescence indicating ground state density variation for InAs/InGaAs quantum dot samples. Absorption 
recovery kinetics revealed lifetimes for the ground state lasting hundreds of picosecond, however, no ultrafast 
decay was observed. 
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ABSTRACT 
We report on the fabrication of 65 nm wide, high resolution rectangular U-shaped split ring resonators (SRRs) 
using nanoimprint lithography (NIL). Using both aluminium and gold metal lift-off to construct the structures, 
we measure an LC resonance peak under transverse electric (TE) conditions at the near ultraviolet range of the 
visible spectrum. Fabricating the SRRs by NIL rather than conventional electron beam lithography allows them 
to be scaled to smaller dimensions without any significant loss in resolution, partly because backscattered 
electrons and the proximity effect are not present with NIL. This in turn helps to shift the magnetic response to 
lower wavelengths while still retaining a distinct LC peak.  
 
Keywords: metamaterials, optical resonators, nanoimprint lithography (NIL), visible spectrum. 

1. INTRODUCTION 
Since their inception, split ring resonators (SRRs) have been a fundamental element in the fabrication and 
characterisation of metamaterial structures. Their simple yet effective U-like shape sees them behave in a similar 
fashion to an LC oscillatory circuit with the gap between the two arms of the structure offering an intrinsic 
capacitance while the adjoining body gives rise to an inductance. When subjected to TE polarised light, the 
electric field component is coupled across the capacitive gap and a resulting current flows around the metal 
structure, inducing a magnetic resonance in the surrounding field, commonly referred to as the LC resonance [1]. 
The wavelength at which this resonance is present is largely, but not exclusively, dependant on the physical 
dimensions of the SRR unit cell. Scaling SRRs to ever smaller dimensions has shown to shift the LC resonance 
peak towards the blue region of the visible spectrum[2]. However, research into the scaling of SRRs suggests that 
the magnetic response at which there is a negative effective permeability, μeff < 0, saturates when the SRR unit 
cell width is reduced to values below approximately 60nm[3]. Fabricating high resolution SRRs of this scale 
using e-beam lithography can be difficult due to the proximity effect, which can regularly result in enlarged 
feature sizes. However in this paper we demonstrate the use of nanoimprint lithography (NIL) to successfully 
fabricate well defined rectangular U-shaped split rings with a minimum feature size of around 20nm and a total 
width and length of approximately 70nm. Our SRR design and its dimensions are shown in figure 1. 
 
 

 
 

 
Figure 1: a) Schematic of a single SRR unit cell design detailing the dimensions of the features present on the 
imprinting stamp. The arms of the structure are 20nm wide, leaving a capacitive gap of 25nm and a total length 
and width of 65nm. b) The metals used to form the SRRs are deposited at a thickness of 14nm. The direction of 
the electric field in TE mode is shown to bridge the arms of the SRR. 
 
Fabricating split-rings that are not only 70nm in width but also posses a high resolution should improve the 
magnetic response measured and help shift the LC resonance peak deeper into the visible spectrum. 

2. FABRICATION AND MEASUREMENT 
In order to pattern SRRs using NIL, a stamp with the appropriate features must first be fabricated. This is done 
using conventional e-beam lithography. When completed, the stamp is then impressed into a resist coated target 
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sample for patterning and metal deposition and lift-off is performed. Reflectance measurements of the SRRs can 
then be taken using a spectrometer operating in the visible range. 
 

2.1. Fabrication of nanoimprint stamp and metal SRRs 
To create the stamp used for imprinting, a 65nm thick layer of HSQ (diluted with MIBK at a ratio of 1:3) was 
spun onto a 500 micron thick polished silicon substrate and baked. A Vistec VB6 UHR EWF was then used to 
write the SRR patterns before the samples were developed using TMAH in a temperature controlled 
environment. As an alternative to dry etching into the silicon substrate and removing the HSQ mask with 
hydrofluoric acid (HF), we instead used the SRRs formed in HSQ to directly pattern the target sample. Because 
the stamp is subjected to both increased temperature and pressure during the imprinting process it is important, in 
the interests of pattern quality and fabrication repeatability, to ensure the HSQ structures will comfortably 
withstand the conditions. For this reason the stamp was annealed in a furnace for 3 hours at a temperature of 
600⁰C. Scanning electron micrographs of the stamp can be seen in figure 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Electron micrographs of the SRR shaped structures formed in 65nm thick HSQ. The patterned area is 
1.5mm square and is encased by a 100μm border so that it can be located by the naked eye. 
 
The target sample used for imprinting into was a silicon substrate coated with a 60nm thin layer of PMMA – 
approximately equal to the height of the features on the stamp. It was found that treating the stamp in a F13 
OTCS and heptane solution to create a hydrophobic, non-stick layer was necessary in preventing the PMMA 
adhering to the stamp during imprinting. The nanoimprinting itself was performed by heating both substrates to 
180⁰C before impressing the stamp into the PMMA layer at a pressure of 15 bar for 5 minutes. The samples were 
then cooled to 70⁰C before separating the stamp from the target. The PMMA on the newly patterned sample was 
then etched by 20nm using reactive ion etching (RIE) to remove the residual PMMA compressed in the trenches 
of the profiled resist. The desired metal, 14nm aluminium or 12nm gold with a 2nm adhesion layer of titanium, 
was then deposited before lift-off of excess metal in warm acetone. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: a) SRRs fabricated in gold, with a minimum feature size of 20nm and a width of 65nm, accurately 
resemble the HSQ structures used to pattern them. b) SRRs made using aluminium deposition show a slight 
growth in dimension from the features present on the stamp. In this case the minimum feature size is 25nm and 
the total width is 70nm. 

2.2. Reflectance measurements 
Optical measurements were taken using a component built visible range spectrometer with a white light source, 
400nm to 1000nm monochromator grating size and a SiGe detector with lock-in amplifier attached. All 
measurements were obtained with a polarised beam at normal incidence to the sample and were referenced 
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against a highly reflective gold mirror. Polarisation control was achieved by rotating the substrate 90⁰ to achieve 
both TE and TM mode measurements.  

RESULTS 

As can be seen in figure 4, there is a distinct LC resonance peak under TE mode at 450nm, deep into the visible 
range. It should of course be noted that as well as the physical dimensions of the SRRs, the refractive index of 
the substrate they are fabricated on has a significant impact on the LC resonant frequency[4]. As these structures 
have been developed on a silicon substrate, it is reasonable to expect an LC resonance shift to higher frequencies 
using a silica substrate whilst maintaining the dimensions detailed.  

 

 
 

 
Figure 4: Reflectance spectra from 70nm wide Aluminium SRRs. A distinct LC resonance peak can be seen 
under TE mode at 450nm. 
 
Previous research has detailed the fabrication of aluminium SRRs with an approximate width of 120nm using 
conventional e-beam lithography[2]. In this instance an LC resonance peak was measured at a wavelength of 
530nm. However by using the nanoimprinting methods described, we have managed to scale the SRR further 
and achieve a high structure quality and shape, aiding the LC resonance peak shift to 450nm. 

3. CONCLUSIONS 
By employing nanoimprint lithography we have demonstrated a useful and reliable method in the fabrication of 
sub-100nm, high resolution split ring resonators. By successfully scaling SRR patterns to such small dimensions 
whilst not degrading the definition of the structures, we have measured an LC resonance peak at the near 
ultraviolet range, specifically 450nm. This has been achieved using aluminium to form the SRRs and polished 
silicon as a substrate. 
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ABSTRACT 

Two different strategies for the encapsulation of organolanthanide complexes inside the pore channels of silica 
nanoparticles have been successfully demonstrated. The resulting highly luminescent nanoparticles were fully 
characterized by photoluminescence spectroscopy, XRD, TEM, FTIR, N2 adsorption desorption measurements. 
In the first strategy, two different in-situ chemical precipitation techniques have been explored for the 
microencapsulation of Eu+3 complex [Eu(Tp)3] inside the pore channels of mesoporous silica nanoparticles by 
varying the sequence for precursor impregnation. The importance of addition sequence was demonstrated by the 
successful formation of the europium (III) tris-pyrazolyl borate complex. In the second strategy, Eu(DBM)3phen 
was incorporated into the pores of differently functionalized silica nanoparticles using wet impregnation 
technique and the effect of different functional groups on photoluminescence of Eu(DBM)3phen was studied. 
Among the studied samples, Amino (–NH2) functionalized silica nanoparticles showed higher emission intensity 
and longer lifetime for the Eu(DBM)3phen complex. These highly luminescent silica nanoparticles can find 
applications in the field including biology, molecular photonics, optics, and electronics. 

Keywords: europium, photoluminescence, silica nanoparticles. 
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ABSTRACT 
In this paper, the results of structural investigations of nanocomposite C-Pd thin films structure are presented. 
These C-Pd films were obtained by a two-step PVD/CVD method. An influence of substrate’s type and different 
parameters of PVD and CVD processes on morphology and structure of the nanocomposite C-Pd thin films were 
studied by Raman Spectroscopy, FTIR spectroscopy and Scanning Electron Microscopy.  
 
Keywords: Carbon-palladium films, PVD, CVD, Raman Spectroscopy, Scanning Electron Microscopy, UV-
VIS, FTIR 
 
INTRODUCTION 
Nanocomposite C-Pd films are promising materials for optoelectronics due to their unique electrical and optical 
properties [1,2]. The knowledge about the structure, topography and morphology of such films is necessary for 
further applications [3]. The structure and composition of these films is connected to the structure of nanoobjects 
forming them. Generally, it could be noticed that films are based on carbonaceous matrix (nanoporous, 
nanograins of fullerenes or graphite/graphene like nanostructures) in which palladium nanograins are included. 
Both, size and structure of carbon matrix as well as size and structure of palladium nanograins strongly depend 
on technological processes parameters. The form of nanoobjects affects on final properties of the film. 
In this paper, we present some results of characterization of film composed of nanoporous carbonaceous matrix 
containing palladium nanograins. These results help us to understand phenomena connected to observed optical 
properties of films. 

1. EXPERIMENTAL  
 

C-Pd films were obtained by the two steps’ PVD/CVD method elaborated in Tele- and Radio Research 
Institute [4]. In the first step, nanocomposite films formed of carbonaceous matrix with 2-5nm in size palladium 
nanograins were obtained by PVD (Physical Vapour Deposition) process under a dynamic vacuum of 10-5 mbar. 
As precursors of these films fullerene C60 and palladium acetate Pd(C2H3O2)2 were used. These precursors were 
evaporated from two separated sources [5]. The temperature of substrates in PVD process was 50-70 °C, 
growing time was 8 minutes and the distance between substrates and sources was 69 mm. For all processes (with 
applied different substrates) these parameters were the same. 

During the second step, nanocomposite films from PVD were modified in CVD process. The pyrolysis of 
xylene (C8H10) proceeded in this process. CVD process was performed in a quartz reactor under an argon 
atmosphere and in the temperature of 650 °C. The total modification time was 30 minutes. The argon flow rate 
was maintained at 40 l/h while xylene flow rate was 0,1 ml/min. In order to eliminate the xylene residue after 
stopping of its supply into the quartz reactor, films were annealed in Ar for one hour. In CVD processes all 
parameters were the same for all used substrates.  

 
a) b) 

 

 
 

Fig. 1. Schema of experimental setup: a) PVD process, b) CVD process  
 
Films were deposited on different substrates: Si wafers, Mo foil, ceramic plates Al2O3 and fused silica. 

The morphology and structure of C-Pd films were studied by Scanning Electron Microscopy (SEM) with JEOL-
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JSM 7600F microscope with SE (Secondary Electron) detector and with LABE (Low Angle Backscattered 
Electron) detector showing a contrast composition (carbon and palladium). The microscope was operated at 
1keV and 5 keV incident energy.  

Raman spectra measurements were carried out using Jobin Yvon-Spex T64000 Raman spectrometer with 
triple-grid monochromator, equipped with confocal microscope and CCD detector (with the resolution of 1024 x 
256 pixels) cooled with liquid nitrogen. For the measurements the single monochromatisation was applied, with 
Rayleigh dispersion used effectively by Notch-type filters. The measurements were carried out in ambient 
temperature for the excitation wavelength of  514.5 nm.  

 

2. RESULTS AND DISCUSSION 

2.1. SEM study 
Typical SEM image of C-Pd film prepared on Si in PVD process is presented in Fig2.a. Morphology and 
structure of PVD film depends on substrate. Films obtained on fused silica have similar grains and its roughness 
is similar.  

a)                                                           b)  
 
 
 
 
 
 
 
 
 
 

  

Fig. 2. SEM image (magnified 50 000x) of films from PVD process obtained on a) Si plate, b) fused silica 

SEM images of film prepared in CVD process are presented in Fig. 3. In Fig.3a film prepared on fused silica is 
presented and in Fig.3b,c film prepared in Si . Fig.3b, c present film imaging in secondary electrons (SE) 
technique and back scattered electrons (BSE) technique. Big, isolated, bright nano-objects are identified as 
palladium nanograins. In case of fused silica substrate, these palladium objects are placed in carbonaceous 
(probably amorphous) matrix and in case of Si substrate in nanoporous carbonaceous matrix. 

a) 

                                                       b)        c) 

 

 

Fig. 3. SEM image (magnified 100 000x) for CVD film on a) fused silica substrate; on Si substrate in SE b) and 
BSE c) mode 
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2.2. Raman study  
In Fig.4 the Raman spectra of films deposited on Si  are presented. Fig.4a presents PVD film and Fig.4b presents 
CVD film. These spectra show that carbonaceous matrix is different for PVD and CVD film. In Raman spectrum 
of PVD film except of D and G bands attributed to graphite – like structures vibration a bands that could be 
connected to C60 molecule vibration is found. Raman spectrum of CVD film has only two bands – D and G. It 
could mean that nanoporous matrix has graphite ordering.  

a) b) 

  
Fig. 4. .Raman spectra for sample 2 (Si substrate) obtained in a) PVD,  b) CVD processes 

 
Fig.5 FTIR spectra of a) PVD film and b) CVD film deposited on fused silica substrate 
 
In FTIR absorbance spectra of films obtained in PVD process we found band connected to substrate (fused 
silica) and characteristic bands connected to palladium acetate and fullerene C60 molecules vibrations. Such 
spectrum registered for PVD film modified in CVD process shows only bands that could be attributed to fused 
silica. We cannot explain these phenomena now, but authors of paper [6] while investigating graphite nanosheets 
observed similar effect. 

3. CONCLUSIONS 
The influence of parameters of technological processes and substrate’s type on structures and properties of 

C-Pd films obtained in PVD/CVD method was studied. We also found that topography, structure and chemical 
composition of these films affect on their optical properties. Some observed phenomena cannot be explain on 
base of collected data and their interpretation and it needs additional studies.    
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ABSTRACT 
In this paper, we present the comparison of the experimentally determined spectral characteristics of 980 nm 
Photonic-Crystal Vertical-Cavity Surface-Emitting Laser structures with full three dimensional, fully vectorial 
computational model based on Plane Wave Admittance Method. We have found the satisfactory agreement 
between experiment and calculations which is a reliable basis for further numerical optimisation of Photonic-
Crystal Vertical-Cavity Surface-Emitting Laser. 
 
Keywords:Vertical-Cavity Surface-Emitting Lasers, Photonic Crystals, numerical models. 

1. INTRODUCTION 
Vertical Cavity Surface Emitting Lasers (VCSEL) are very attractive light sources for short range 
telecommunication networks and portable gas detectors. Their main advantages which are: narrow emission 
spectral width and high rate modulation can be achieved by the single mode operation of the lasers. The 
competitive Distributed Feedback Lasers (DFB), which provide similar characteristics are far more expensive 
hence cannot be applied in cheap network systems and detection devices.  
The single mode operation is assured by short cavity of VCSEL which induces single longitudinal mode 
emission. However true single mode emission with respect to the later modes can be realized by small optical 
apertures. The most often used technique, which laterally confines the light is selective wet oxidation mostly 
used in the arsenide technology. Such process must be tightly controlled to achieve ultimate performance of the 
device. The optical window formed by the oxidation is sensitive for temperature influence which is generated by 
the working device. The oxidation can propagate, especially if optical window is narrow (less than 4 µm), which 
contributes to the narrowing and - in severe cases – closing the optical window. That motivates the study on 
more reliable solutions, which can increase the lifetime of the devices. One of the approach is selective etching 
of the top Distributed Bragg Reflector (DBR) [1]. Deep enough etching of the mirror introduces the regions with 
very low refraction index (air) contributing to the strong confinement of the modes. On the other hand too 
shallow etching deteriorates the reflectivity of the mirror and causes the leakage losses of the laser modes [2]. 
Hence the selective etching with respect to the selective oxidation is not only more reliable but also provides one 
additional feature, which is the control of the losses. The proper designing of the etching depth can assure strong 
confinement of transversal fundamental mode and discrimination of all others [3]. Generally, the form of the 
etching can be arbitrary, it should only constitute the window for emitted light. However Photonic Crystal (PhC) 
which is a periodic structures takes advantage of Bragg reflections and can additionally magnify the lateral 
confinement. In such structures the photonic band gap is possible. However in the arsenide technology full 3 
dimensional (3D) band-gap is difficult to realize because of too low contrast of the refractive index [4]. The most 
effective lateral reflection would be achieved by the means of coaxial rings etched in the DBR. But such a 
structure has number of drawbacks as mechanical instability and blocking of current flow, to mention only two 
of them. Hence the hexagonal net of air holes is the optimal design of confinement which provides Bragg 
reflections and does not block the current flow.  

2. RESULTS 
The main goal of the paper is the comparison of full 3D vectorial Plane Wave Admittance Method computational 
model of PhC VCSEL with experimental measurements based on the 980 nm PhC VCSEL structures The 
structures were processed on one wafer and were defined by different parameters of Photonic Crystals with 
respect to the diameter of holes, distance between them and etching depth. The current flow was funneled by the 
12 µm oxide aperture. The PhC structures are defined by wide range of the geometrical parameters: 3.5µm < L < 
7 µm, 0.4 < a/L < 0.7, 8 pairs < de < 25 pairs, where L – the distance between PhC holes, a – diameter of the 
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holes and de the etching depth given in the number of the etched DBR pairs. The difference of the cavity 
thickness for the analyzed structures was determined to be equal to 10 nm. Moreover the etching depth was 
determined with the accuracy of 2 DBR layers. The inaccuracy of the cavity length caused that measured PhC 
VCSEL's emission spectra were randomly shifted, but the spectral distance between the lateral modes was 
unaffected since this is a parameter which is solely depended on the lateral confinement scheme (Fig. 1). One 
could expect that deeper PhC etching contributes to the blue shift of the emitted wavelength [5] in the identical 
epitaxial structures. 

 

  
a) b) 

Fig. 1 Emission spectra of PhC VCSELs for different geometry of PhC. The etching depth is given in the 
number of etched DBR pairs. The lateral geometry of the PhC is determined by a – the diameter 
of PhC hole and L – distance between the holes 

 

 
Fig. 2 Calculated (blue and red curves) and experimentally measured (black points) wavelength difference 

between HE11 and HE21 modes for a/L = 0.5 and L = 5 µm. Red curve corresponds to the bottom of 
the hole rounding through 2 layers (2lay) and blue one to the 3 layers rounding (3lay). 

 
The inaccuracy of the etching depth experimentally exists, that is caused by the shape of the bottom of the holes, 
which are rounded instead of flat. Such shape is a consequence of the chemical etching and can be minimized in 
the case of broad holes. However typical holes of diameter in the range 1 – 3 µm are defined by rounded 
bottoms. Such hole geometry can contribute to increasing of the scattering losses. The consequences of above 
inaccuracy for the computational model was that denser discretization had to be applied to reconstruct the 
rounded bottoms of the holes. In our model we assumed two cases: the roundings of the bottoms of the holes are 
2 layers and 3 layers deep.  
The performed calculations are focused on the analysis of emitted wavelength of the modes confined by the 
photonic crystal as well as confined by broad oxide aperture. The exemplary calculated spectral distance between 
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the modes is confronted with experimental data in Fig. 2. The calculated results reveal significant variations 
between neighbouring points. It is related to not dense enough probing of the function of wavelength versus 
etching depth. Denser probing have been performed for quantum-dot VCSEL emitting 1.3 µm wavelength (Fig. 
3). It showed that oscillatory behavior of emitted wavelength as a function of the etching depth is driven by the 
change of effective reflection of the light from the bottoms of the PhC. The behaviour is caused by the 
interaction of PhC and light and can be observed in all the VCSEL designs. 
 
 

 
Fig. 3 Emitted wavelength as a function of the etching depth for the fundamental (HE11) and first order 

(HE21) modes. 
 

3. CONCLUSIONS 
We performed exhaustive comparison of the experimental spectral characteristics of 980 nm photonic-crystal 
VCSELs with simulation results of three dimensional, full vectorial optical model. We have found the 
satisfactory agreement between the results. The presented results are reliable basis for further optimisation of 
photonic-crystal VCSEL. 
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ABSTRACT 
UV photo-imprinting of channel waveguides and other structures, like gratings, in photorefractive glasses 
constitutes a simple and effective fabrication technique. Here we report on excimer laser irradiation of radio 
frequency (RF) sputtered silica-germania thin films, with germania concentrations inthe range 0.18 to 0.31 
mol%, doped with erbium or co-doped with erbium and ytterbium.We found that the sputtering process may be 
critical, as testified by the fact that some samples do not exhibit the characteristic absorption band at around 248 
nm (5 eV), generally assigned to germanium oxygen deficient centers (GeODC) or similar defects. Despite of it, 
similar variations of the refractive index in UV-irradiated areas are measured in both types of samples (namely 
with or without GeODCs). Channel waveguides,single mode at 1550 nm, were fabricated in samples with 
GeODCsand characterized. Propagation losses are less that 1 dB/cm at 1300 nm.  
 
Keywords: silica-germania, photorefractivity,  photoimprinting, optical waveguides  

1. INTRODUCTION 
The search for simple, reliable and cost-effective fabrication methods of optical waveguides, which are strongly 
required for the development of integrated optical circuits competitive with conventional micro-optical devices 
and/or microelectronic circuits, led to the investigation of a number of different experimental approaches. The 
method based on photo-induced refractive index changes, generated by an ultraviolet laser source, is simpler and 
potentially cheaper than conventional photolithographic methods, since it avoids time consuming and expensive 
fabrication steps such as lithography and chemical or physical etching. Two routes can be followed, namely 
direct writing (which is achieved by focusing and then translating a laser writing beam) anddirect imprinting: the 
latter one, that we have used, may imprint any refractive index structure, well defined at the microscopic scale, 
by a single step replica of an intensity mask. In practice, the main limitations are related to the entity and the 
stability of the light-induced refractive index changes.  
 Since the first demonstrations of UV photo-induced channel waveguides1,2, germanosilicate glasses have 
played an important role in integrated optics, also thanks to the proof of stability of photoimprinted structures3. 
Single mode (at 1.5 µm) channel waveguides have been demonstrated in plasma enhanced chemical vapour 
deposited (PCVD)4, flame hydrolysis deposited (FHD)5, and radio-frequency (RF)-sputtered6 thin films. Previous 
workshad shown that RF-sputtered SiO2-GeO2 thin films are highly photo-refractive and that the refractive index 
changes are positive when the GeO2 content is around 25%7,8. 
 Here we report on the results we have obtained by UV irradiating RF-sputtered silica-germania thin films 
having germania concentrations inthe range 0.18 to 0.31 mol%. Channel waveguides have also been UV-
imprinted and characterized. 
 

2. EXPERIMENTAL RESULTS 

2.1. Film fabrication 
Silica-germania films were deposited on silica or soda-lime glass substrates in an RF-magnetronsputtering 
system. A small concentration of rare-earth elements (Er alone or Er and Yb) was added in order to provide us 
the possibility of using photoluminescence as a further characterization tool. For this purpose, pieces of GeO2, 
metallic erbiumand ytterbium were placed on a 4” silica target. The residual pressure in the sputtering chamber, 
before deposition, was about 2 × 10-5 Pa. The sputtering was carried out using Ar gas at a pressure of 0.7 Pa; the 
applied RF power was 150 W, with a reflected power of 18 W. The films were deposited on silica substrates of 
size about 75 mm × 25 mm, which were not heated. Films were subsequently annealed in air; a 
typicalprocesswas carried out at 600 °C for 6 hours. Typical filmthickness, obtained for a deposition time of 4 h 
15 min,was 3.35±0.2 µm; correspondingly, the refractive index of the film was in the range 1.495 to 1.512 at 633 
nm, depending on the germanium content and the presence of rare earths. A summary of the characteristics of the 
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deposited films is reported in Table 1. 
 

Table 1. Composition and annealing parameters of the investigated samples 
 

   Sample     SiO2 
mol.% 

GeO2 
mol.% 

Er2O3 
mol.% 

Yb2O3 
mol.% 

Annealing 
temperature  

Annealing 
time 

PW5 70.69 29.30 0.24 0 400 °C 6 h 
PW6 69.00 31.00 0.24 0 400 °C 6 h + 12 h 
Q19 84.00 15.60 0.20 0.20 600 °C 6 h 
Q22 82.00 18.00 0.20 0.20 600 °C 6 h 
Q23 82.00 18.00 0.20 0.20 600 °C 6 h 
Q24 82.00 18.00 0.20 0.20 600 °C 6 h 

 

2.2. Film characterization 
 
The sputtered films acted as planar optical waveguides; their optical and modal characteristics were measured by 
using the Metricon model 2010 and the COMPASSO instruments, both based on m-line spectroscopy; the latter 
one was built in-house at IFAC.  
 The deposited and annealed films generally supported 3 propagation modes at 632 nm and a single mode at 
1550 nm. From the measurements of the effective indices of the modes it was possible to derive the refractive 
index of the films (assumed to be constant along the depth) and its thickness.The propagation losses of the planar 
waveguides were then measured, either by scanning a fiber optic probe and photodetector down the length of a 
propagating streak to measure the light intensity scattered from the surface of the guide (Metricon instrument) or 
taking an image of the streak by a Hamamatsu camera and then analysing the behaviour of the image intensity as 
a function of the propagation length; the results obtained by the two methods were in good agreement, and 
resulted to be less than 1 dB/cm at 1300nm for all the samples. 
 An example of measurements, referring to the Q22 sample, is shown in Table 2. The film thickness is 
calculated at 632 nm, where three modes are present, and then its value is taken as fixed at the other wavelengths 
too. 
 

Table 2. Measured characteristics of the Q22 sample. The film index nfilm@ 632 nm and 
thickness are numerically calculated from the effective indices n0, n1, n2 of TE and TM modes. At 
longer wavelengths the thickness is assumed to be fixed and film index is calculated using the 
effective index of the single mode (TE and TM). 

 
 

 
 The absorption spectra were measured by using a Perkin Elmer lambda19 spectro photometer and 
photoluminescence measurements of the 4I13/2→

4I15/2 transition of the Er3+ ions were performed using the 514.5 
nm line of an Ar+ ion laser and dispersing the luminescence light region with a 320 mm single-grating 
monochromator with are solution of 2 nm. The waveguiding mode of the samples was excited by prism coupling 
and the light was detected using an NIR photomultiplier tube and standard lock-in technique.. 
 A surprising result was obtained when measuring the absorption spectra of PW5 and PW6 samples: both of 
them did not present the absorption band at 5 eV, generally assigned to germanium oxygen deficient centers 
(GeODC) or similar defects. Further analysis, including XPS, are under way in order to understand the reason of 
absence of these defects. 

Wavelength 
  (nm)  

Refractive Index  
Thickness(µm)   
±0.1 

Attenuation 
coefficient 

(dB/cm)  ±0.2 
no 

±0.0001 
n1 

±0.0001 
n2 

±0.0001 
nfilm 

±0.002 
632 TE 1.4794 1.4714 1.4592 1.482 3.1 0.7 

TM 1.4794 1.4713 1.4589 1.482 3.1 0.8 
1319 TE 1.4616 - - 1.470  0.4 

TM 1.4613 - - 1.470  0.5 
1542 TE 1.4568 - - 1.468  0.3 

TM 1.4563 - - 1.468  0.4 
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2.3. UV-exposure of the films and discussion 
 
The films were exposed to a KrF excimer laser source (Lambda Physics Compex 110) operating at 248nm, with 
different cumulative doses in order to test their photorefractivity. For all samples the exposure parameters were 
as follows: pulse frequency 10 Hz, pulse fluence 36 mJ/cm2. By choosing the number of pulses, each sample was 
irradiated with cumulative doses up to 12 kJ/cm2; after each exposure, both the absorption curve and the 
refractive index were measured again. As an example, Figures 1 and 2 show the changes in absorption 
coefficient and refractive index, respectively, for the sample Q22, for cumulative doses up to 10 kJ/cm2. Figure 1 
confirms what was expected, namely that irradiation bleaches the absorption band at 248 nm (partially for dose 
of 1 kJ/cm2 and completely for dose 10 kJ/cm2). 
 

  
Figure 1. Absorption coefficient of the Q22 
sample  as a function of the cumulative dose. 

Figure 2. Variation of the  film refractive index 
as a function of the dose in Q22 . 

 
It can be underlined that a change of the refractive index of the same order (∼2×10-3) was achieved in the 

samples PW5 and PW6, too, despite the absence of the GODC absorption band to be bleached by the UV 
irradiation. Figure 3, for instance, shows the variation of the absorption coefficient, in samples Q 22 and PW6 
(two zones of the film, labelled A and B), after irradiation with 8 kW/cm2, with respect to the non-irradiated film. 
It is evident that UV exposure of PW6 has a quite different effect than in Q22; it turns out, moreover, that the 
PW6 sample presents compositional inhomogeneities, as testified by the different response in different areas 
(zone A and B) of the film.  This difference is much more evident in Fig.4, where one can see that the index 
change in the zone A after irradiation is similar to the one produced in Q22, while the photoinduced ∆n in the 
zone B is completely different, having negative sign. 
 
 

  
Figure 3. Variation of the absorption 
coefficient after irradiation at 8 kJ/cm2 in Q22 
and PW6 (zone A and zone B) samples. 

Figure 4. Variation of the film refractive index                           
as a function of the dose in the Q22 and PW6 
(two zones) samples.. 

 
 
 Due to this incertitude, channel waveguides were produced in samples Qxx only. For that purpose, an intensity 
mask, constituted by a patterned Ti film, 200 nm thick, over a pure silica substrate was placed in contact with the 
silica-germania film, so that the film was irradiated through the mask using the same pulse parameters indicated 
above and a cumulative dose equal to 10 kJ/cm2.We checked that the mask was not damaged by the UV 
irradiation and that the experiment was fully repeatable. The substrates were then properly cut (the channels 
being produced in direction parallel to the short side of the substrate), and their edges optically polished. 
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 Channel waveguides, having width between 3 and 9 µm and length around 20 mm, appear to be well defined 
and of fine quality under a phase contrast microscope. Their propagation losses were measured at 1300nm, in 
order to avoid the absorption produced by the 4I15/2→

4I13/2 transition of the Erbium ions, which are present in all 
the samples.It came out that these losses were almost the same as those we had previously measured on 
unexposed planar waveguides, even for relatively narrow (4 µm) channels, so confirming that the UV-
imprintingdoes not appreciably increase the scattering losses of the material. 

3. CONCLUSIONS 
We have investigated the photorefractive properties of some RF-sputtered binary silica-germania films, having 
different concentrations of GeO2 and very slightly doped with Er2O3 or with Er2O3 - Yb2O3. It has been found 
that in some samples the absorption band at 248 nm, usually associated to GeODC defects, is not present; despite 
of it, due to the absorption change anyway induced by the UV-irradiation, a change of the refractive index of the 
order of 2×10-3 was obtained in all the samples. This index change has been sufficient to photo-imprint channel 
waveguides having width in the range 4 to 9 µm, and integrated optical structures like 1×4 splitters.  
 We are still investigating the reason why some samples did not exhibit the 248 nm absorption band, which is 
probably related to some problem occurred during the sputtering process; this is confirmed by the compositional 
inhomogenities of those samples, indicated by the opposite behaviour (∆n >0 or ∆n <0) measured in different 
zones of a same film. 
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ABSTRACT 
The following article presents the results of an experimental study of transmission losses in a new type of dual-
core microstructured fiber made of multi-component glass PBS-57A. The investigated fiber was custom 
designed to exhibit an increased nonlinearity and a sub-centimeter coupling length in a near infrared region. The 
spectral character of losses was examined for separate excitation of each fiber core in the spectral region of 
1460-1580 nm using the cutback method. Attenuation coefficient values obtained for separate core excitation 
correspond with each other implying a good quality and symmetry of the fiber microstructure. The presented 
results are in agreement with other publications concerning transmission losses in microstructured optical fibers 
made of multi-component glasses and provides valuable information for future theoretical and experimental 
studies of the investigated fiber. 
 
Keywords: microstructured optical fibers, dual-core optical fibers, multi-component glasses, transmission 
losses, cutback method 

1. INTRODUCTION 
Invention and development of the concept of microstructured optical fibers (MOFs) is one of the significant 
impulses stimulating innovation in the area of fiber optics the last decades. Light guiding mechanism implied by 
periodical character of fiber microstructure [1] and a possibility of tailoring fiber’s transmission parameters 
enabled development of several new types of fibers such as endlessly single-mode MOF, fibers with ultra-
flattened dispersion curve [2] or large-mode-area fibers. In order to employ fiber technologies in middle infrared 
region, where silica glass losses are too high, development of alternative fiber materials such as polymers or 
multi-component glasses has been introduced [3]. Some of new materials may also simplify fiber manufacturing 
process and possess a great potential in nonlinear applications due to their high nonlinear coefficients 
Stack-and-pull method utilized for MOF manufacturing offers an easy way of fabrication of dual-core fibers 
which are widely used as couplers in fiber optics technologies. Dual-core MOF have a high potential in 
development of components enabling all-optical switching [4, 5], but supercontinuum generation in dual-core 
MOFs also attracted considerable attention [6, 7]. Exploration of fundamental transmission characteristics of this 
type of fiber is inevitable for understanding and employing their special coupling properties. Transmission 
losses, or attenuation, are one of the most important characteristics of optical fibers. While transmission losses 
measurement of standard index-guiding fibers is nowadays routine straightforward task, determination of dual-
core MOF attenuation coefficient is still rather complex and challenging problem. The reason is mostly the small 
dimension of microstructure features and coupling processes in the fiber. This article presents our method of 
solving this problem and resulting outputs of experimental determination of transmission losses in dual-core 
MOF made of soft glass in near infrared (NIR) region.  

2. METHODS 
A sample of special new type of dual-core microstructured optical fiber was examined. The fiber was designed to 
exhibit increased nonlinearity and sub-centimeter coupling length in near infrared region and was custom 
fabricated by Institute of electronic materials technology (ITME) fiber group in Warsaw. The fiber has 
hexagonal microstructure (Fig. 1) with elliptical cores and is made of soft glass PBS-57A with composition 
SiO2-PbO- Al2O3- Na2O- K2O- As2O3. The cutback method was used to determine spectrally resolved 
transmission losses of the examined fiber. About a half meter long sample was cut from the fiber. Since 
preserving of excitation conditions during the experiment is essential, the input end of the sample was carefully 
fixed to an optomechanical stage. An objective with 60 X magnification was used to couple NIR radiation into 
the sample. The input objective together with auxiliary standard single-mode fiber, used for guiding the radiation 
from a source to the objective, was fastened to the piezoelectric 6-axis flexure platform Thorlabs MansMax 
ensuring nanopositioning of the input optics in front of the fiber sample.  
__________________________________________________________________________________________ 
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Figure 1. SEM image of cross-section of investigated dual-core MOF. 

 
Initial adjustment of fiber excitation state was performed upon fiber output near-field monitoring utilizing 
objective with 20 X magnification and CMOS camera (Fig. 2a). Since the spectral responsivity of the camera 
does not allow us to register radiation with wavelengths longer than 1100 nm, we used praseodymium 
spontaneous emission amplifier IPG PAD-10 pump diodes operating at 1028 nm as radiation source. To optimize 
excitation position the input face of the sample was scanned by 3D nanopositioning of input objective at 
simultaneous monitoring of the near-field image. After determination of the optimal excitation position for both 
fiber cores, the output end of the sample was placed into the optical head HP 81521B of power meter Agilent 
8163A with interface module HP 81533B (Fig. 2b). HP 8164A tunable semiconductor laser with HP 81680A 
module generating radiation in range of 1460-1580 nm, with precision of 0.01 nm was used as a radiation source 
for output power measurements. Additional optimization of the 3D excitation position for both cores was 
performed for 1520 nm central wavelength by tracking and maximizing output power. 
 

 
Figure 2. Scheme of experimental setup utilized for a) fiber output near-field monitoring; b) output power 

measurement. 
 
Output power measurement for every, gradually decreasing, length of the sample was an automated process 
yielding a set of output power values for selected spectral interval of 1460-1520 nm scanned by 0,25 nm steps. 
Output power spectral dependencies were measured separately for anticipated optimal excitation position of each 
fiber core. Despite our efforts, stability of input system remained insufficient causing detuning of the input 
system during the experiment, hence supplementary adjustment of excitation positions before every 
measurement was required.  
The obtained set of data was processed and analyzed in Microcal Origin 8.0 software. In order to determine 
spectral character of fiber transmission losses, measured output power spectral dependencies were divided into 
12 intervals with uniform spectral width of 10 nm and attenuation coefficient was evaluated separately for all of 
the intervals. 

3. EXPERIMNTAL RESULTS 
A 432 mm long sample of the dual-core MOF was gradually shortened by six individual cuts to the length of 165 
mm which was the minimum length required to perform measurement utilizing our experimental setup. In Fig. 3 
we provide comparison of the images of fiber output near-field intensity distribution for identified optimal 
excitation position of each core. The optimal excitation positions of the input system determined at the 
wavelength of 1028 nm by near-field intensity distribution optimization served also as an initial excitation 
positions for the output power measurements. Despite the validation of the optimal excitation positions by 
CMOS camera was no longer possible during output power measurements, precision of the nanopositioning 
system and careful tracking of output power extremes enabled separate identification and measurement for each 
fiber core. 
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Figure 3. Comparison of the output near-field distribution images for optimal excitation of the a) upper; b) 

lower core of examined dual-core MOF sample.  
 

 
Figure 4. Spectral dependence of attenuation coefficient for separate excitation of 

a) upper;  b) lower core of examined dual-core MOF sample. 
 

Spectral dependencies of attenuation coefficient determined for separate excitation of each fiber core are 
depicted in Fig. 4. An average uncertainty of attenuation coefficient values for all partial spectral intervals is 
about 11 % for upper core and about 12 % for lower core. Due to the considerable uncertainty of the partial 
attenuation coefficients it was not possible to conclusively determine the overall spectral character of the fiber 
transmission losses in the examined spectral region. Hence we characterize the fiber by integral attenuation 
coefficient for spectral region of 1460-1580 nm which takes value of 11,1 ± 1,2 dB/m in case of upper core 
excitation and 11,2 ± 1,4 dB/m in case of lower core excitation. Dependence of integral spectral power on fiber 
length is shown in Fig. 5. Based on the presented results we can conclude the attenuation coefficients obtained 
for both fiber cores correspond with each other indicating symmetrical character of investigated dual-core MOF. 
Obtained results were verified by experiment reproduction on another sample of studied MOF providing average 
integral attenuation coefficient value of 11,8 ± 1,1 dB/m, which, considering the uncertainty, is in agreement 
with the first experiment. 

 
Figure 5. Comparison of integral spectral power and overall integral attenuation coefficient dependencies on 

fiber length for both cores of studied dual-core MOF. 
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4. DISCUSSION 
Even though, the obtained attenuation coefficient values may seem fairly high compared to those of standard 
index-guiding fibers, they are in agreement with other publications regarding losses in soft glass MOFs. 
Transmission loss in soft glass MOFs can be as high as several tens of dB/m [3, 8, 9] depending on the fiber 
material, core dimension and air-filling coefficient. Major causes of additional losses are fiber microstructure 
deficiencies and light scattering on crystallization centers of the soft glass material. Taking into account that new 
experimental type of dual-core MOF with relatively small core dimensions was examined, the obtained results 
meet our expectations and are in a good agreement with published information on the topic. Comparing values of 
attenuation coefficient of both fiber cores, we can conclude the investigated fiber is symmetric which is very 
important for coupling processes in the fiber. Only fiber with ideally symmetric cores exhibit 100% energy 
coupling. Otherwise, only the portion of the total energy oscillates between both fiber cores, which is undesirable 
for all-optical switching applications. Fiber asymmetry also complicates analytical description of coupling 
mechanism. Presented findings are therefore valuable for further analysis of the fiber.  
On the other hand considerable uncertainty of determined attenuation coefficient values disabled determination 
of fiber transmission losses spectral character. We assume that the insufficient stability of the input system 
causing misalignment of optimized excitation positions is the major source of this uncertainty. We tried to 
eliminate the effect of detuning by additional adjustment of optimal position before every measurement, but 
readjusting the exactly same position is impossible. Micro-movements of sample input end during manipulation 
or cutting of the output end can also have negative impact on the measurement accuracy. Improving stability of 
experimental setup would be beneficial for increasing overall accuracy of attenuation coefficient determination.  
Additionally, for power measurement we used Ge-based large-area photodetector which measures integral power 
from whole output face of the fiber. Since a radiation that escapes cores during its propagation along a fiber but 
is still confined within the fiber outward cladding can no longer be considered as a transmitted signal, its 
registration by a power meter introduces systematic error. Even though the ratio of radiation power transmitted in 
the outward fiber cladding should be small enough, so the introduced error is not crucial, output beam spatial 
filtering could help to eliminate this error and to obtain more relevant results. Finally, utilization of tunable laser 
source that will enable measurements in wider spectral region might lead to possibility of assessing the 
attenuation coefficient spectral character, as the contrast between determined attenuation coefficients for 
different wavelengths may at some point exceed measurement uncertainty. 

5. CONCLUSIONS 
Transmission losses of a new special type of dual-core MOF made of multi-component glass were 
experimentally determined by cutback method. Fiber transmission losses were measured in 1460-1580 nm 
spectral region in which the fiber is intended for nonlinear transformations of ultrafast laser pulses. Despite 
inability to determine transmission losses spectral character, attenuation coefficient was evaluated for separate 
excitation of each fiber core and results were verified by two independent measurements. Obtained results imply 
good fiber symmetry which is important for future fiber coupling applications. Presented results are in good 
agreement with other publications concerning transmission losses in soft glass MOFs and are valuable for future 
theoretical and experimental studies of the investigated fiber.  
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ABSTRACT 
We demonstrate a low-loss silver-dielectric layered nano-device, which does not refract the phase-fronts of an 
incident plane wave, and at the same time focuses its energy. The phase of an electromagnetic wave propagating 
within the structure remains homogeneous and planar both inside and after leaving the device. Moreover, owing 
to the strong effective anisotropy of the multilayers, the phase fronts of a visible electromagnetic wave propagate 
always in the direction of incidence, however the energy transport is perpendicular to the layers. Therefore, an 
incident Gaussian beam may be focused reaching the FWHM of a quarter of wavelength while its phase 
characteristics remains not aberrated. 
 
Keywords: metal-dielectric multilayers, diffraction-free light propagation 

1. INTRODUCTION 
The perfect lens introduced in [1] consists of a thin slab of silver and is capable of overcoming the diffraction 
limit by enhancing the evanescent components of the spatial spectrum. This phenomenon was later 
experimentally verified using only 50-nm thick silver slab to resolve subwavelength gratings in the near UV [2]. 
Since then, subwavelength imaging in the optical wavelength range has been  demonstrated in metal-dielectric 
periodic structures [3-14]. In our recent paper [9] the Ag-TiO2, Ag-Gap and Ag-SrTiO3 layered structures were 
optimised in terms of simultaneously large transmission coefficient and subwavelength resolution. The 
comparison of several simple theoretical models applied to these structures, such as the effective medium model, 
coupled cavities model, impedance matching, or Fabry-Perot resonator, led to the conclusion that optimised 
multilayers outstand the simpler designs in terms of both resolution and transmission  as well as they exhibit 
different internal field pattern. Low-loss diffraction-free layered structures with slanted layers were proposed in 
[10]. In [12] the influence of the fabrication inaccuracies on the performance of silver-dielectric layered imaging 
devices is studied. Light focusing using metal-dielectric-metal layered waveguides was  demonstrated in [14].  
 

  
Figure 1. Schematic view of the examined structure. 

2. RESULTS 
We analyse a nano-device composed of silver and titanium dioxide thin films organised in three multilayers with 
different orientations. The schematic view of this device is illustrated in Fig. 1. The layers of the inner stack are 
positioned perpendicularly to the incidence direction, while the outer symmetrical multilayers are inclined at a 
small angle. Both multilayers were optimised in terms of high transmission coefficient and diffraction-free light 
propagation [9]. Moreover, the spatial periods of the multilayers and the angle of inclination were chosen in such 
a way that the effective wavelength of an electromagnetic wave propagating along the Z axis is exactly the same 
in both multilayers. As a result, for the device submerged in an impedance matched medium, the wave-fronts 
remain parallel to the incidence plane, and are continuous within the entire cross-profile of the structure. In 
consequence, the outgoing electromagnetic wave propagates as a plane wave with a modulated intensity profile.  
The phase pattern of the magnetic field component Hy within the device obtained with the FDTD method is 
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presented in the left plot of Fig. 2. The device was illuminated with a monochromatic Gaussian beam with the  
vacuum wavelength λ0 = 390 nm and the standard deviation σ = λ0. The refractive index of the surrounding 
impedance matched medium is n = 2.18. Despite significant thickness of the layers: dAg = 14 nm, dTiO2 = 46 nm 
for the inner stack and dAg = 11 nm, dTiO2 = 29 nm for the outer multilayers, the shape of the phase-fronts remains 
consistent with the predictions based on the effective medium model. 
 
 

  

 

Figure 2. Phase of the magnetic field (left) and time-averaged z-component of the Poynting vector (right) in the 
structure illuminated with Gaussian monochromatic beam with λ0 = 390 nm. 

 

In the right plot of Fig. 2, the time-averaged component of the Poynting vector along the Z axis is presented. At 
the output of the device we obtain a narrower Gaussian beam than the incident one. Moreover, due to the planar 
phase characteristics, the outgoing wave diverges slowly allowing to obtain a subwavelength beam profile even 
at a distance of 100 nm behind the structure. At the same time, the energy transmission of the device is about 
20%, which is relatively high for a structure with total thickness of 900 nm and containing over 25% of silver. 
The detailed cross-sections along the X axis of the Poynting vector component Sz in the area of the output beam 
are presented in Fig. 3. Particular plots refer to different positions in the Z direction. Additionally, the 
corresponding profile of the incident Gaussian beam is shown for comparison (black line). It is observed that the 
peak just behind the output interface of the device (z = 950 nm) has a similar maximal value as the incident 
beam, however it is approximately 7 times narrower. Due to the diffraction, the full width at half maximum 
(FWHM) of the beam profile reaches the value of the diffraction limit of resolution at the distance of 
z = 1100 nm, which is about 100 nm from the output interface, and the peak maximum drops by a factor of 2 at 
the same time. 
 

 
Figure 3. Time-averaged component of the Poynting vector Sz in several cross-sections at the output of the 

device: z = 950 – 1100 nm. For comparison – the profile of the incident Gaussian beam (black line). 
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3. CONCLUSIONS 
We have demonstrated that a low-loss nano-device composed of two differently oriented silver-dielectric 
multilayers is capable of concentrating the energy of the incident electromagnetic wave within the volume of the 
inner multilayer and transforms an incident Gaussian beam into a beam with subwavelength FWHM of only 
0.24 λ0 right behind the structure. At the same time the specific parameters of the multilayers provide planar 
propagation of the wave-fronts within the whole structure and allow to preserve the wave-front shape even in the 
area of the output beam. The phase-fronts remain flat and homogeneous despite the significant thickness of the 
component layers. In consequence, the outgoing beam propagates as a plane wave with a narrow and slowly 
diverging intensity profile, and it remains subwavelength up to approximately 100 nm behind the structure.  
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ABSTRACT 
Three dimensional metallodielectric material made of sodium borophosphate Na5B2P3O13 (NBP) dielectric 
matrix doped with silver nanoparticles was obtained by micro-pulling down method. Optical measurements 
performed in visible and near infrared regions of the spectrum, showed localized surface plasmon resonance in 
two regions at 405 nm and broad peak at 1 – 2 μm . In case of NBP matrix doped with Ag nanoparticles and 
simultaneously with Er3+ ions an enhancement of photoluminescence of  erbium at 1,5 µm of wavelength was 
observed. This is due to local field enhancement mechanism. 
 
Keywords: nanoplasmonics, surface plasmonic resonance, silver nanoparticles. 
 

1. INTRODUCTION 
Metallodielectric materials with resonances at optical and IR wavelengths have been the subject of increasing 
interest due to their prospective exploitation for photonic/plasmonic applications. In small plasmonic objects, 
surface plasmons can interact with photons at characteristic frequency and cause occurrence of localized surface 
plasmon resonance (LSPR) manifested by increased absorption and scattering. Additionally, the local field 
enhancement (LFE) around the nanoplasmonic elements enables enhancement of subsequent optical processes as 
photoluminescence, and optical nonlinearity.  

2.  EXPERIMENT 
In this work we demonstrate a fast and low-cost bottom-up method for manufacturing of nanoplasmonic 
composites. This method is based on a direct doping of dielectric matrices with plasmonic nanoparticles and it 
enables obtaining volumetric three-dimensional materials through a non-chemical process. The main idea is 
based on utilizing the matrices with lower melting temperature than that of the applied nanoparticles. The 
dielectric matrices is made of sodium borophosphate dielectric glass Na5B2P3O13 (NBP), and reported in the 
literature melting point is mp=7800C [1], [2]. For the plasmonic nanoparticles with resonances at visible region 
we have chosen silver nanoparticles, nominally spherical with 20 nm in diameter. Differential scanning 
calorimetry (DSC) measurements confirms that Ag nanopowder melts with the melting temperature of bulk 
silver mp (Ag) =961,80C, while NBP glass melts at lower temperature than the one given in literature, mp=7500C.   

Metallodielectric materials have been obtained by micro-pulling down method [3]. This method is based on 
directional solidification of the melt, which flows through a capillary placed in a die at the crucible bottom. The 
pulling rate was equal to 3mm/min and the diameter of obtaining rods was in the range from 3 to 5 mm. The 
extinction and transmission measurements in Vis and NIR region of the spectrum were performed. It was 
demonstrated, that NBP:nanoAg rods exhibit the resonance at visible wavelengths – Fig. 1. The NBP glass rod 
was doped nominally with 0, 15 wt. % of silver nanoparticles. 

In order to achieve PL plasmonic enhancement, NBP glass was doped simultaneously with silver nanoparticles 
and erbium Er3+ ions. Preliminary PL measurements confirmed 1-fold enhancement of PL of erbium ions (at 1, 5 
µm of wavelength). 

The demonstrated here method of manufacturing bulk nanoplasmonic composites differs significantly from 
other methods of manufacturing nanoparticles-based composites. It enables obtaining bulk three-dimensional 
materials through a non-chemical process. This provides the possibility to introduce nanoparticles of various 
chemical compositions with different electromagnetic properties – metals (silver, gold, nickel) highly doped 
semiconductors (for example ITO, ATO Nan particles). It also enables addition of other doping agents as rare 
earth ions and quantum dots. 
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Fig. 1. Extinction spectra of pure NBP, and NBP:nanoAg at different places along the plasmonic rod, 
demonstrating LSPR effect at Vis range; red curve– sample from centre part of the rod, sample thickness 368 
µm; green curve – sample cut from the end of the NBP:nanoAg rod. 
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Introduction: 

This study concerns the nonlinear optical characterization of different materials presenting a side chain on the 

oligophenylene. Strong nonlinearity has been found, which is in general dependent upon the side chain. 

Discussion: 

The chemical structure can be described as an oligophenylene backbone with different molecular moieties as side 

chains. These moieties are the (Z)-3-(4-methoxyphenyl)acrylonitrile and  the (Z)-3-(dimethylamino)acrylonitrile, 

mentioned  as DMPA and Faa, respectively. 
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Fig 1. Structures of the molecular moieties Faa and DMPA 

Concerning the nonlinear optical characterization a Two Photon Absorption (TPA) setup has been used 

in order to determine the two photon absorption efficiency. In particular, by these measurements, the 

corresponding nonlinear optical parameters (two photon absorption coefficient, imaginary part of the third order 

nonlinear susceptibility and second hyperpolarizability) have been found. For this investigation the 532 nm, 

frequency doubled exit, of a 30 ps diode pumped passively mode-locked Nd: YVO4 laser with a repetition rate 

of 10 Hzhas been used. In all cases the concentration and energy dependence of the nonlinearity has been 

determined in order to verify that no saturation of the response was taking place during the measurements.  

The results have shown that these systems possess strong optical nonlinearity which has been strongly 

dependent upon the concentration, the incident laser energy, the intermolecular π-π stacking interactions, as well 

as the conformational structure changes. 

 

Faa DMPA
A 
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Conclusion: 

 In this work novel nonlinear optical systems have been synthesized. The fact that these systems are also 

accompanied by high nonlinear optical response renders possible the utilization of such systems for nonlinear 

optics. Also new prospects are opening, which include the incorporation of a metal atom in the molecular 

structure in order to further enhance the nonlinearity and/or modify the nonlinear optical parameters in order to 

match specific photonic applications. 

Reference: 

[1] I. Ben Khalifa, Journal of Molecular Structure, 997, 37-45, 2011 
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Abstract 

In this paper we present a photoluminescence (PL) study of new styrylquinolinium dyes. We made a comparative 
study of the luminescent properties of thin films grown on quartz substrates using thermal evaporation deposition 
method. Investigated films show PL emission from the violet to near-IR region at room temperature.  
Keywords: photoluminescence, styrylquinolinium organic dye, thin films. 
 
1. Introduction 

Modern science and technology of new materials require with special properties to make innovations. This helps 
focus the development on improving the technological devices and procedures operation. This means, make 
them faster, more economically viable, and better quality. At the same time, new materials are introduced to 
improve our quality of life. In general opens possibility for its applications in optoelectronic devices [1,2]. 

Our work is mainly focused on the production of high quality optical films for novel laser devices. The thin-film 
format of styrylquinolinium dyes compounds are ideal for the study of the electronic transfer process and for 
displaying photo-induced energy and electron transfer process, in particular for applications in the field of 
photonic devices. In the second part, the photoluminescence of these compounds is investigated. We have 
studied the photoluminescence emission spectra of thin under pulsed excitation using nitrogen laser (emission at 
337.1 nm). Luminescence spectroscopy can provide a valuable and needed tool for the study of details of 
intramolecular energy transfer processes.   

 
 
2. styrylquinolinium dyes 

In the present investigation, three new organic compounds, i.e. 4-[(E)-2-(2-hydroxynaphthalen-1-yl)ethenyl]-1-
methylquinolinium tosylate (D13), 4-[(E)-2-(2-hydroxynaphthalen-1-yl)ethenyl]-1-methylquinolinium iodide 
(D7), and 4-{(E)-2-[4-(dimethylamino)naphthalen-1-yl]ethenyl}-1-methylquinolinium iodide (D9) (see Figure 1) 
have been synthesized by Knoevenagel condensation of 2-hydroxy- or 4-N,Ndimethylaminonaphtaldehyde and 
the respective quaternary lepidinium salts in good yields. 
 
 
 
 
 

 
 
 
 

 
 
 

Figure 1: Chemical structures of styrylquinolinium dyes D9, D7 and D13. 
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The basic idea of the design of the new styrylquinolinium dyes system is to enlarge the conjugation by using 
quinolinium and naphthalene moieties. All three dyes are salts, two of them D9 and D7 are N-methylquinolinium 
iodides, and D13 is N-methylquinolinium tosylate (p-toluene sulfonate) as anion, such a popular compound 
DAST. As an electrondrawing group in naphthalene nucleus D9 has N-dimethylamino group N(CH3)2, and D7 
and D13 have a phenolic hydroxyl group OH at position 2. 
The absorption spectra of solution were measured in the spectral region 200-700 nm at room temperature. In the 
case of Dye 7and Dye 9 dissolved in THF the absorption peak is shown at around 480 nm for both of them. 
However, in the case of Dye 13 dissolved in methanol the absorption peak is presented at around 500 nm and a 
small one at around 650 nm. 
 
3. Thermal evaporation deposition method 

Evaporation is a common method of thin film deposition. The source material is evaporated in a vacuum. The 
vacuum allows vapor particles to travel directly to the target object (substrate), where they condense back to a 
solid state. The vacuum thermal evaporation deposition technique consists in heating until evaporation of the 
material to be deposited. The material vapor finally condenses in form of thin film on the cold substrate surface 
and on the vacuum chamber walls. Usually low pressures are used, about 10-6 or 10-5 Torr, to avoid reaction 
between the vapor and atmosphere. At these low pressures, the mean free path of vapor atoms is the same order 
as the vacuum chamber dimensions, so these particles travel in straight lines from the evaporation source towards 
the substrate. In thermal evaporation techniques, different methods can be applied to heat the material. 
Thin films of styrylquinolinium dyes were prepared by thermal evaporation deposition method on quartz 
substrate. The process of preparing has been carried out under pressure about 2.10-5 Tr and at temperature of the 
source about 200°C. 
 
4. Photoluminescence studies 

Photoluminescence spectroscopy is a contactless, nondestructive method of probing the electronic structure of 
materials. Light is directed onto a sample, where it is absorbed and imparts excess energy into the material in a 
process called photo-excitation. One way this excess energy can be dissipated by the sample is through the 
emission of light, or luminescence. In the case of photo-excitation, this luminescence is called 
photoluminescence. The intensity and spectral content of this photoluminescence is a direct measure of various 
important material properties. 

Photoluminescence spectra were registered using pulse nitrogen laser (home made) as a source of excitation (l = 
337.1 nm, FWHM=5 ns, power in pulse 20 kW, 10 Hz repetition rate). Intensity of laser illumination was 
strongly decreased by slit and glass filter. The proper band of emission was selected by a monochromator (SPM-
2 ZEISS) and registered by a combination of photomultiplier (R-928 HAMAMATSU) and analog boxcar 
(162/164 PAR) [5,6]. 
For photoluminescence spectra measurements the time constant of the sampling head 1 SH t = m s and pulse-
simultaneous delay were selected. PL experiments were carried out at room temperature and samples were 
enclosed in helium cryostat in vacuum environment. The signals were processed and analysed by personal 
computer.  
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Figure 2: PL spectra at room temperature for investigated compounds on quartz substrate. 

 

Figure 2 shows the photoluminescence spectra of organic materials thin films obtained by thermal evaporation 
deposition method on quartz substrate. These experiments were carried out at room temperature. 

We obtained high signal for both D9 and D13 compared to weak signal of D7. We observe two main peaks on 
PL spectra (first near 570 nm and second near 680 nm) for the compound D9 (red curve). Similar results we got 
for D7 but the low signal was observed. In the case of D13 we can see only one peak near 600 nm and a small 
shoulder at around 750 nm (green curve). We supposed that it is caused the similar chemical structures of these 
dyes. We can also see shift the peak to the longer wavelength. 

Conclusions 

We have prepared thin films stryrylquinolinium dyes using thermal evaporation deposition method. We have 
obtained a good quality and homogenous films. Then we investigated the photoluminescence at the room 
temperature. Good results have been obtained for D9 and D13, while D7 show a weak signal.  
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ABSTRACT 
The nonlinear optical properties and the photo-induced structuration of the azo-azulenes derivatives using 
standard methods like: degenerate four wave mixing experiment, transmission holographic technique and the 
atomic force microscopy (AFM) were studied. The experimental results were completed by quantum chemical 
semi empirical calculations for molecules in vacuum. Theoretical calculation of second order molecular 
hyperpolarisabillity for the studied was done. 
 
Keywords: nonlinear optics, hyperpolarisabillity, susceptibility, relief gratings,  

1. INTRODUCTION 
Functionalized azo-azulene derivatives compounds with azobenzene molecules are materials interesting for 

study of the linear, nonlinear optical properties and electronic transfer processes. The studied molecules (Figure 
1.) based on azulene moiety (acting as the donor) linked through the azo (-N=N-) group to an acceptor. The last 
one was either substituted by phenyl, thiazole or benzothiazole rings. The azulene molecule possess both electron 
donating and electron accepting character through respectively five-membered ring and seven-membered 
unsaturated ring. Conecting donor and acceptor moieties with a conjugated bridge is a well established strategy 
to obtain molecules with high values of nonlinear hyperpolarizability. 

In this work a study in picosecond regime the influence of light polarization of imprinting beams on the 
formation dynamics of these gratings were performed. For these measurements, the two imprinting beams have 
been polarized in s-s and p-p states. In order to deduced the values of third–order nonlinear optical susceptibility 
χ(3) degenerate four wave mixing efficiency (at λ = 532 nm) as a function of the intensity of the wave pumps for 
all compounds were done. This work reported theoretical calculations of second order frequency-dependent 
molecular hyperpolarizability in order to propose a NLO study of these complexes on a molecular scale.  
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Figure 1. Chemical structures of studied azo-azulene derivative molecules. 

Comparison of theoretical results with experimental data received from the degenerate four wave mixing 
experiment may give important information concerning the origin of the observed nonlinear optical properties. 
Especial attention will be devoted to the delocalisation of π electrons along the molecular backbone influence of 
different ions on the output of third order optical properties.  
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2. THEORETICAL CALCULATIONS  
The MM+ molecular force field method was used for total energy minimization and for building of the 

molecular optimized geometry [i,ii]. Quantum chemical calculations were performed by semi-empirical  PM3 
[iii,iv] method within a framework of the restricted Hartree-Fock approach and convergence limit up to 10-6 eV 
after 500 iterations was achieved. The calculations mixes all single determinant wavefunctions that can be 
obtained from the ground state by exciting electrons from a subset of the occupied orbitals to a subset of the 
unoccupied orbitals. The electronic spectra were calculated by the configuration interaction (CI) method with the 
maximum excitation energy up to 9 eV. Local perturbation were considered only within a framework of the 
isolated molecule in vacuum. The values of second order hyperpolarizabillity may be expressed in terms of 
different energy levels from g to n of the molecule and is described by equation (1)[v].  
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where µ(g)

I,  µ(g)
j, are the transition dipole moment between the high occupied molecular orbital (HOMO) and the 

exited state,M(g)
k - M(0)

k-difference between the excited (configuration interaction (CI) level) state dipole 
moment and ground state one, Eg- transition energy from the ground to exited state, ħω is the energy of a 
incident  laser photon,  H determines the line shape broadening, n is a number of exited state. Indices i,j,k,l = x, 
y, z are defined as laboratory Coordinate Cartesian system. In a present work we calculated only γyyyy, where the 
y direction corresponds to the maximal permanent dipole moment. 

Table 1. present the measured third-order susceptibilities and the calculated second order hyperpolarizabilities γ 
for the investigated molecules. The obtained values of calculated second order nonlinear hyperparizabilties are 
comparable with the nonlinear coefficients obtained for similar molecules in Ref. [vi]. The second –order 
hyperpolarizabilities γ are measured and deduced from  degenerate  four wave mixing (DFWM) technique at 
fundamental wavelength of 532 nm described in Ref. [vii].  
The difference between the experimental and theoretical data it results with taken into account different origin of 
the third order  nonlinearity. The experimental results are interpreted by relating the nonlinearities to an 
additional contribution arising from the intramolecular charge transfer. We can expect that for these molecules 
also intermolecular electron vibration electronic interactions and a reorientation under applying of electric field 
plays key role in the observed nonlinearities what are not taken into account in suggested theoretical calculations. 
As you know the greatest problem associated with non-linear optical compounds is connected not only with ideal 
molecules but also the incorporation of these molecules to form ideal macroscopic samples for non-linear optics. 
So the preparation of the samples play a key role in the obtained big non-linear optical properties of the samples.  

Table 1. Values of calculated and measured nonlinear optical properties. 

 
Molecule χ(3 [m²/V²] γ XXXX  (ESU) 

Calculated at 
λ = 532nm 

Dipole 
moment 

(D) 

Homo 
(eV) 

LUMO 

(ev) 

Optical 

gap (ev) 

Molecule A 0,16×10-20 1,8× 10-35 3,42 -7,75 -1,55 6,20 
Molecule B 1,42×10-20 2,31 × 10-34 1,85 -7,19 -1,25 5,94 
Molecule D 6,54×10-20 3,05 × 10-35 5,67 -8,09 -1,99 6,10 
Molecule E 5,07×10-20 1,60 × 10-35 5,46 -8,08 -1,95 6,13 

CS2 - 3,95 × 10-35 - - - - 

 

Taking under attention the different mechanism of formation of nonlinearity in experiment and introduced in 
calculations we can compare the only trend of changes of non-linear coefficient collected in Table 1. We have 
rather good coincidence between the theoretical calculations and experimental data of second-order 
hyperpolarizabity for all compounds. We can see that the adjunction of a functional methyl grup to the seven-
membered unsaturated ring in molecule B (4-aminofenilazo-1-guaiazulena) lead to the substantial increase of the 
cubic hyperpolarisability γ . It can be explained by longer extent of molecule B favouring electron delocalization. 
From the other sid the remainig molecules are more stabilised owing to pronounced steric hindrance and 
resulting larger dipole moments presented in the Table 1. The azo-azulene molecules are radicals of different 
natures, one donor and one acceptor and have a large third order nonlinearity since the radicals add their effects, 
thus intensify the asymmetric distortion of the conjugated system. Further the electronic properties of this type of 
molecules exibit a unsual property, the intramolecular [viii] charge transfer between the two radicals. 
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3. PHOTO-INDUCED SURFACE RELIEF GRATINGS  
The surface relief gratings continue to provide numerous research works due to their applicative potential in 
diffractive gratings for laser cavities [ix], couplers in waveguides [x, xi], alignment control in liquid crystal 
molecules [xii], chemical and biological probes [xiii], or in optical data storage as well [xiv]. There are several 
hypotheses on the mechanisms of surface relief gratings formation. Nevertheless, the principal existing models 
(in continuous regime) have demonstrated that the origin of the effects observed is mainly due to a macroscopic 
transport of matter induced at microscopic level by photoisomerization of azo compounds. The experimental set-
up used in this study is simple technique of Degenerate Two Waves Mixing (DTWM) set up in transmission 
mode (first time presented by Shank et al.) [xv,xvi].  

 
Figure 2. First order diffraction efficiency (for complex D) as function of irradiation time for different 

polarization states of writing beams (at 7 GW cm-2). 

Photoinduced surface relief gratings have been written on 300 nm thin layers of A, B, D, E complexes. The 
incidence angle of the two writing beams (from picosecond laser Nd:YAG at 532 nm) has been settled at 

60θ ≈ ° in order to obtain a grating space equivalent to the wavelength of the writing beams (
/ 2sin( / 2) 532 nmλ θΛ = ≈ ). The photoinduced gratings are characterized either by their diffraction efficiency 

or by their average modulation amplitude, (determined mostly using an atomic force microscope (AFM)) [xvii].  
For the determination of diffraction efficiency of a surface relief grating, the efficiency of the first order of 
diffraction is registered (the ratio between the diffracted intensity of +1 order and the intensity of the incident 
beam).  

 
Figure 3. Two (left) and three (right) dimensional AFM scans of a photoinduced surface relief grating (complex 

D) at 7GW cm-2 (in polarization s-s). 

The diffracted light came from a continuous reading laser with the wavelength outside the absorption band of the 
studied compounds (cw laser He-Ne 30 mW at 632.8 nm polarized vertically). Lagugné-Labarthet et al. [xviii] 
have demonstrated that the local molecular orientation in surface relief gratings depends on the polarization of 
incident beams. Our study allowed to confirm these results by evidencing the influence of the polarization of 
writing beams (at 7 GW cm-2) on the surface relief gratings diffraction efficiency. The highest diffraction 
efficiency and modulation amplitude (100 nm) have been observed for the complex D in p-p polarization state. 
Figure 2. shows that the complex D (benzothiazolazo-1-azulena) exhibits faster response in p-p polarization 
state. The different results obtained for the polarizations s-s and p-p are related to preferential orientation of the 
chromophores along direction perpendicular to the substrate. In such a way that molecular movement which 
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determines the grating formation is delayed. Surface relief gratings are easy to scan by atomic force microscope 
(AFM) due to open (to air) surface. The 2D and 3D SRGs images (see Figure 3) are visualized by Nanotec 
WSxM4.0 Develop 8.6 (program to determine the principal orientation directions of the gratings). It can be 
deduced that the surface relief gratings are written perpendicularly to the polarization direction of writing beams. 
The investigations show that from among the investigated molecules, the molecule D represent the best results, 
with regard on the band absorption including the wavelength excitation what favours the absorption of light and 
the transfer of the excitation energy to the chromophores. 

4. CONCLUSIONS  
We have investigated contribution of the different radicals of different natures one donor and one acceptor in 

azo-azulene molecules to the output of the nonlinear coefficient. The difference between experimental and 
theoretical data show that the second–order hyperpolarizabilities γ depends from the intermolecular interactions 
and the molecular reorientation. Different moieties causes the substantial changes of non-linear optical 
coefficients.  

 We have presented the properties of photo-induced structuration composed of the most powerful: the 
benzothiazolazoazulene. We have shown that it is possible to create different structures on the same sample by 
varying intensity. Results show a periodic structure in a first time corresponding to figures interference, followed 
by self-organization. It thus passes from a structuring dimensional to a two-dimensional structuration. The 
highest first order diffraction efficiency have been obtained for the complex D with regard on the band 
absorption including the wavelength excitation what favours the absorption of light and the transfer of the 
excitation energy to the chromophores. 

The study of nonlinear effects and efficiency of diffraction gratings is interesting for its applicative potential 
allows a thorough characterization of new materials with strong NLO properties and materials for data storage.  
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The main objective of the COST Action MP0702: Towards Functional Sub-
Wavelength Photonic Structures [ http://cost-mp0702.nit.eu/ ] has been to 
establish active links between European laboratories working in the field of 
artificial materials for photonics applications, where the structural dimensions are 
at or below the wavelength of light. 

MINAP2012 (Micro- and nano-photonic materials and devices) is the Final 
Conference of the COST Action MP0702 and is focused on the properties of 
photonic materials and devices at micro- and nano-scale, as well as on their novel 
or advanced applications, especially in telecommunications, computing, sensing, 
and energy. 
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