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Ultrasensitive electro-optomechanical transducer

Albert Schliesser
Niels Bohr Institute, Quantop, Blegdamsvej 17, 2100 København Ø 

Mechanical transducers, in which displacement is converted to electronic or optical signals are ubiquitous is 
Science and Technology. A new generation of devices developed in the world's most advanced labs is so 
sensitive that quantum effects become significant in their measurement. This development has also opened 
new opportunities for very efficient and low-noise electro-optic signal conversion via an intermediate 
mechanical device.

Proof of principle electro-optomechanical transducers operating in a classical regime have recently been 
realised in several labs. Our approach [1] is based on a high-Q silicon nitride membrane resonator, which is 
simultaneously coupled to a degenerate radio-frequency resonance circuit, and an optical readout mode. By 
detecting the phase fluctuations imprinted by the membrane on the optical mode with a quantum-noise 
limited imprecision, we can optically measure sub-nV signals induced in the RF circuit. The device resides in
the strong coupling regime with electromechanical cooperativities exceeding 6000, enabling strong 
suppression of thermomechanical noise in the transduction cascade. An integrated version of such a device 
may find applications as a sensitive transducer also for classical fields, e.g. in NMR.

A key requirement for the prospect of using mechanical devices as quantum transducers in more complex 
hybrid systems-involving several electromagnetic modes or spin ensembles-is the weakest possible coupling 
of the mechanical mode to a hot thermal bath. I will discuss our progress in the development of such very 
high-Q mechanical oscillators [2].

[1] T. Bagci et al., Nature 107, 81-85 (2014) 
[2] Y. Tsaturyan et al., Optics Express 22, 203879 (2014) 
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Spectral Domain Interferometry (SDI) can produce axial scanning (A-scan) of a sample with high resolution, high sensitivity and 

high speed. By performing a Fourier transformation (FT) of the channeled spectrum (CS) delivered by a spectrometer at the 

interferometer output, the CS modulation is converted into distance measurements. Generally, the spectrometer data is not delivered 

in equal frequency slots due to the geometry of the spectrometer and the angular dependence of diffraction on wavelength. 

Therefore, before the FT step, data need to be resampled. The resampling method [1] is limited to interferometers where the 

dispersion has been compensated for. Several other methods have been also demonstrated to linearize the data, with different 

degrees of complexity. Hardware based and software based methods are currently available. Regarding the complexity of such 

methods important cost and/or processing time are required. The better the resampling of data, the more accurate the distance 

measurements become, as distance measurement is based on linear conversion between the number of peaks in the channeled 

spectrum and distance. However there are cases where dispersion is difficult to be compensated for (large depth range and/or very 

broadband wavelength range) even multiple phase points methods cannot deliver perfect linear dependence between the modulation 

of the CS and distance in the interferometer. This is also a common problem in optical coherence tomography (OCT). Recently, 

we demonstrated, Master Slave Interferometry (MSI) applied to OCT [2-4]. MSI is based on comparison of CS shapes or in other 

word comparison of modulation. Because no FT is needed, there is no need for data resampling. In the present work, we investigate 

the capability of MSI to be used for more accurate distance measurements than allowed by the conventional FT based SDI methods. 

To mimic the presence of the dispersion in the system, various lengths of single mode optical fiber were placed in the sample arm 

of the interferometer.  Our experimental results clearly demonstrate that the MSI method can provide accurate A-scans profiles 

even in the presence of strong dispersion. The axial resolution provided by the MSI technique is immune to dispersion and 

calibration over the entire axial range. Even for an important chirping of the channelled spectrum created by large dispersion 

mismatch values, MSI still delivers accurate results. This should find applications not only in measuring distances and thicknesses 

of layers but also in simpler solutions for sensing. As a demonstration, we measured the thickness of a microscope cover slip and 

showed that MSI method delivers more accurate values than the conventional FT method, which fails to provide constant axial 

resolution along the entire axial range. 
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Abstract:  
 
This presentation is devoted to the theoretical study of the effective third-order susceptibility χ(3) of 
a long-range surface plasmon polariton (LRSPP) mode in gold strip waveguides. The designed 
plasmonic waveguides contain a gold core with finite microscale width (10 μm) and nanoscale 
thickness (22-35 nm), tantalum pentoxide adhesion layers above and below the core, and silicon 
dioxide cladding. We chose this geometry because it provides effective propagation of the LRSPP 
mode. The effective index method is used to calculate the LRSPP propagation constant, the electric 
field distributions in the waveguides transverse section, and the dispersion derivatives. It is shown 
that the dispersion length of picosecond (~3 ps) optical pulses in plasmonic waveguides is much 
larger (~1-2 m) than the physical length of waveguides (~2-5 mm). Thus, the chromatic dispersion 
effect has a negligible role in the propagation of optical pulses in the case of picosecond pumping. 
For practical considerations, a wavelength of 1064 nm was selected for calculations in the model. 
This wavelength is widely used in laser physics and corresponds to emission of the Nd:YAG laser 
and Yb-doped fiber lasers. The third-order susceptibilities of all constituent materials (metal, 
adhesion, and cladding) contribute to the effective χ(3) of the plasmonic mode. We model the third-
order susceptibility of the metal layers by considering the effective change in the electrons motion. 
When the gold layer thickness approaches the nanoscale, the electrons start to feel the layer 
boundaries. Their collision frequency increases in ~2-3 times, and it leads to changes in the real and 
imaginary parts of the dielectric permittivity of metal. In turn, this causes the effective enhancement 
of the thermo-modulational interband susceptibility of the metal layer. It is shown that the values of 
the third-order susceptibility of the gold layers increase in ~2-5 times in comparison with the third-
order susceptibility value for bulk gold (real part ~10-17 m2/V2, imaginary part ~10-18 m2/V2). The 
nonlinearity enhancement in the metal layers is limited by the Drude model breakdown at the layer 
thicknesses below 10-15 nm. We show that the third-order susceptibility of the gold layer is 
dominant to the effective χ(3) of the LRSPP mode in the designed strip waveguides. The real part of 
the effective χ(3) of the LRSPP mode defines the nonlinear parameter and nonlinear length of optical 
pulses in plasmonic waveguides. In the case of high average power (~200-500 mW) picosecond 
pumping, the nonlinear length becomes comparable or less than the effective length of plasmonic 
waveguides (~0.2-0.5 mm), and the third-order nonlinearity affects the propagation of the 
plasmonic mode. The imaginary part of the effective χ(3) of the LRSPP mode defines the nonlinear 
absorption parameter in plasmonic waveguides. We model the propagation of optical pulses in 
plasmonic waveguides by solving the nonlinear Schrödinger equation and considering a Gaussian 
shape of the pump laser pulses. The obtained solutions of the pulse propagation equation lead to 
two nonlinear effects. The first effect is the nonlinear transmission of optical pulses in plasmonic 
waveguides and the power saturation of the LRSPP mode at high average power (~200-500 mW) 
picosecond pumping. The second effect is the self-phase modulation of optical pulses in plasmonic 
waveguides, and the spectral broadening and splitting of the LRSPP mode. A relevant experiment 
has been performed and confirmed the possibility of practical observation of these nonlinear effects. 
The results can be used for future applications of plasmonic waveguides in nonlinear optics.    



Revolutionizing the Data Centers and HPCs 
- Optical Interconnects

Tolga Tekin
Group Manager Photonic and Plasmonic Systems, Fraunhofer Institute for Reliability and Microintegration 

PhoxTroT.eu is a large-scale European research effort bringing 19 partners together in order to address high-
performance, low-energy and low-cost and small-size optical interconnects across the different hierarchy 
levels in data center and high-performance computing systems: on-board, board-to-board and rack-to-rack. 
In order to optimise the operation of DCs and HPCs, PhoxTroT is developing prototype systems which are 
expected to be fully functional by the end of the project. The new technologies cover the entire chain of cost-
and energy-efficiency, and include an optical printed circuit board with a throughput greater than Tb/s, a 
high-end optical backplane for board-to-board interconnection with a throughput greater than 2Tb/s, and an 
active optical cable. PhoxTroT’s holistic approach is leading to a more efficient HPC and DC environment 
by creating a synergy between the different optical interconnect technologies.



Higher-order surface plasmons and their disappearance in
few-nanometer silver nanoparticles

Søren Raza
Centre for Nano Optics, University of Southern Denmark, Niels Bohrs Allé 1, DK-5230 Odense M, Denmark

sraz@iti.sdu.dk

The optical properties of silver metal nanoparticles are dominated by the excitation of localized surface plasmons.
Light incident on silver particles with spherical shape and diameters below 100 nm excites primarily the dipolar mode.
The higher-order modes, i.e., modes with larger angular momentum l, such as the quadrupole mode, are strongly
damped as their larger resonance energy tends to be positioned in the range of interband transitions in silver. By
encapsulating silver nanoparticles in a high permittivity dielectric medium, here silicon nitride, we redshift all of
the plasmon modes and thereby get access to the higher-order modes of silver nanoparticles. We map the dipolar
and higher-order modes of silver nanoparticles with electron energy-loss spectroscopy (EELS) in a state-of-the-art
transmission electron microscope.

We acquire EELS maps and line scans from isolated encapsulated silver nanoparticles in the radius range 1−20 nm.
For electron beam positions (i.e., impact parameter) outside the particle, we find that the EELS signal is dominated by
the dipole mode, which shows a resonance energy around 2.8 eV for particle radii 4−20 nm. For impact parameters
close (< 1 nm) to the surface of the particle, an additional resonance at higher energy shows up due to the excitation
of modes with larger angular momentum, i.e., l > 1, see Figure 1. The resonance energy of the additional peak is
approximately 3.2 eV for the same particle radius range. To our knowledge, this is the first experimental observation
of higher-order modes in nanometer-sized silver nanoparticles. For impact parameters inside the nanoparticle, we also
excite the bulk plasmon which has a resonance energy close to 3.8 eV and is clearly distinguished from the peak
at 3.2 eV. We note that the measured EELS peak at 3.2 eV contains several modes with l > 1 as the energy spacing
between these modes is lower than the resolution of our EELS setup. We also perform electron energy-loss simulations
using the boundary element method (BEM), which shows excellent agreement with our experimental observations. [1]

For particle radii lower than 4 nm, we observe a strong blueshift of the dipolar mode of 0.9 eV and the disappearance
of the higher-order mode, in qualitative agreement with a generalized nonlocal optical response theory. [1]
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Fig. 1. (a) Experimental and theoretical EELS signal as a function of energy loss of a SiNx-
encapsulated silver nanoparticle with radius R = 20±0.2 nm. (b-c) Experimental (above) and theo-
retical (below) EELS intensity maps of the same nanoparticle displaying the dipole and higher-order
modes, respectively.
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Ultralow-loss CMOS copper plasmonic waveguides 
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ABSTRACT 
Plasmonics is widely considered to be the most promising candidate for the next generation of chip-
scale technology [1]. Surface plasmon polaritons (SPPs), which are collective electromagnetic 
excitations at the interface between a metal and an insulator, give an opportunity to overcome the 
diffraction limit, decrease the size of optical component down to the size of an electronic transistor 
and route optical signals at dimensions well below the light wavelength [2]. However, real-world 
practical applications of plasmonic devices require them to be compatible with industry-standard 
fabrication processes, such as the complementary metal-oxide-semiconductor (CMOS) technology, 
which allows low-cost fabrication of large-scale plasmonic structures and their integration with 
electronic logic and on chip photonics. 
 
Here, we report the fabrication and characterization of ultralow-loss copper hybrid plasmonic 
waveguides, which ensure long (> 40 μm) propagation length along with deep-subwavelength 
(~λ2/50) mode confinement at telecommunication wavelengths. Furthermore, we demonstrate for 
the first time that using a relatively simple and CMOS compatible fabrication process it is possible 
to outperform gold waveguides, which is crucially important for the design and development of 
nanophotonic circuits. These results create the backbone for the development of a CMOS plasmonic 
platform and its integration in future electronic chips. 
 

 
Figure. SEM image of a lateral cross-section of the fabricated CMOS plasmonic waveguide 

showing the SiN and Cu layers, separated by a 10-nm-thick layer of SiO2 highlighted in green. 
 

[1] Kriesch, A.; Burgos, S.P.; Ploss, D.; Pfeifer, H.; Atwater, H.A.; Peschel, U.; Nano Lett. 2013, 
13, 4539–4545. 
[2] Huang, K.C.Y.; Seo, M.K.; Sarmiento, T.; Huo, Y.; Harris, J.S.; Brongersma, M.L.; Nat. 
Photonics 2014, 8, 244–249. 



Multi spot fiber laser welding

Klaus Schütt Hansen 
IPU Process Technology 

Modern fiber lasers have demonstrated high power and high brightness laser beams. These beams has 
provided new options within many fields. At IPU it has been explored how these beams can be shaped into 
multiple spots for providing new options in laser welding and laser cutting.
Focus will be on how to shape high power high brightness beams into patterns, and how this is done at IPUs 
flexible development platform.
Results from welding with laser spot patterns on a row to control welding with and depth will also be 
demonstrated together with results from welding with more complicated geometries to perform inline repair 
welding.



High Power Performance of Rod Fiber Amplifiers 
Mette M. Johansen1, Mattia Michieletto1,2, Torben Kristensen2, Thomas T. Alkeskjold2,  

and Jesper Lægsgaard1 

1DTU Fotonik, Technical University of Denmark, Ørsteds Plads, Building 343, 2800 Kgs. Lyngby, DK-Denmark 
2NKT Photonics A/S, Blokken 84, 3460 Birkerød, DK-Denmark 

Abstract: An improved version of the DMF rod fiber is tested in a high power setup delivering 360W of stable signal 

power. Multiple testing degrades the fiber and transverse modal instability threshold from >360W to ~290W.  
OCIS codes: (060.2320) Fiber optics amplifiers and oscillators; (060.3510) Lasers, Fiber; (120.6810) Thermal effects.  

Currently, Ytterbium-doped silica based fiber lasers and amplifiers undergo significant improvements concerning beam 

quality performance and extractable peak and average power. These amplifiers can generate megawatts of peak power and 

hundreds of watts in average power using direct amplification. The recent increase in extracted output power has led to 

observations of transverse mode instability (TMI) above a system and fiber dependent average power threshold [1-3]. TMI 

results in rapid beam fluctuations, that significantly degrades beam quality and constitutes a significant impediment to future 

power scaling of fiber amplifiers.  

In this work we test an improved version of the DMF rod fiber in a high power setup delivering 360W of stable signal output 

limited by the available pump power. The 1m long DMF rod fiber has a 85µm core and a 260µm pump air cladding. The 

DMF rod fiber is tested several times allowing the fiber to degrade due to photodarkening, and also causing the TMI 

threshold to degrade from >360W to ~240W. The high power single pass setup consists of a 1032nm fiber based ps seed at 

40MHz repetition rate and a 976nm fiber coupled diode pump delivering up to ~550W. The output signal power is measured 

using a dichroic mirror to reflect the signal to the power meter and a beam splitter for beam diagnostics. TMIs are measured 

with a simple measurement technique by having a pinhole in front of a photodetector and processing the signal with an 

oscilloscope (PicoScope 3204A). In the first test run the DMF rod fiber delivers a stable output of 360W of signal power 

without any trace of TMI. This is achieved with maximum available pump power, thus it is not possible to reach the TMI 

threshold. The slope efficiency is 70% and a maximum of 71% of optical to optical efficiency is achieved, see Fig. 1. The 

DMF rod fiber is tested several times allowing the optical efficiency to degrade due to photodarkening, and also degradation 

of the TMI threshold from >360W to roughly 240W. 

  

Fig. 1. Signal power as a function of pump power for the improved version of the DMF rod fiber yielding a maximum stable output of 360W without any 

transverse modal instabilities. 

In conclusion, a new improved version of the DMF rod fiber was tested in a high power single pass setup. A maximum signal 

of 360W was achieved limited by the available pump power and without any observations of TMIs. The slope efficiency was 

measured to 70%, and a maximum of 71% optical to optical efficiency was obtained. The DMF rod fiber was tested several 

times yielding a degradation of the TMI threshold from >360W to ~240W. 
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New techniques for cheap production of optics 

Henrik C. Pedersen, Michael L. Jakobsen, Steen Hanson, DTU Fotonik 

Guggi Kofoed, Henrik Pranov, Jan Kafka, InMold Biosystems A/S 

Jan Kühn, J.J. Kühn A/S 

Problem: mass production of optical components is mostly made by polymer injection molding. This requires a 

metal mold with an optical surface finish, which can obtained by either (i) manual polishing or (ii) direct 

manufacturing using diamond turning. Both processes are very time consuming and therefore quite expensive. 

Solution: We have developed new techniques in which we coat raw CNC machined metal molds with various 

coatings, which smoothen the surface to optical quality. We have tested these coatings in various molding 

tools and have produced optical components with surface roughness down to 5 nm. 

 

    
Lenses for street lamp Coated lens mold Coated mold for microlens 

array 

Coated mold for optical 

filter 

 



Fusionsenergi 
Hvordan virker det og hvad er udfordringerne? 

Solen og de øvrige stjerner skaber deres energi ved fusion – sammensmeltning af brint til helium. Der 

samarbejdes globalt, med Europa i front, på at udvikle kraftværker baseret på fusion. Lykkes det vil det give 

adgang til en energikilde, der i praksis er uudtømmelig, ikke påvirker klimaet nævneværdigt og er sikker. 

Men det er en udfordring at udvikle et fusionskraftværk. Fusionsprocessen kræver at brændstoffet, brint, 

opvarmes til mere end 150 millioner grader, 15 gange varmere end soles indre. Det er opnået. Ved den 

temperatur er brinten ioniseret gas – et plasma – meget livlig og kun til at holde på med kraftige 

komplicerede magnetfelter. Som på solen, kommer der voldsomme udbrud ved plasmaets overflade. 

Udbrud der brager ind i og eroderer den væg af keramik, kompositter og særlige metallegeringer, der 

omgiver plasmaet. I plasmaets indre er der en veritabel orkan med voldsomme stormstød og pludselige 

omfordelinger af det varme centrum og den ydrer kappe der kun er 20 millioner grader varm. Det gør det 

svært at holde den høje temperatur i centrum, der skabes ved varme fra fusionsprocessen bistået af 

opvarmning med kraftige partikel-kanoner og radiobølger. 

Skal fusion fungere og være rentabel skal plasmaet tæmmes. En myriade af sensorer detekterer kontinuert 

plasmaets opførsel. Hurtige computere beregner derfra hvilke stabiliserende aktioner der skal effektueres 

fx gennem kraftige højfrekvente mikrobølgestråler, indskydning af projektiler af frossen brint og ændringer 

i de kraftige magnetfelter der holder på plasmaet. 

Før energien fra fusion bliver til strøm bæres den ud af plasmaet i form af meget hurtige neutroner, der 

afsætter deres energi som varme i væggene, der omgiver fusions-plasmaet. Et enormt og vedholde 

neutronbombardement, som vil medføre at hvert atom i væggen vil blive skudt ud af sin plads ca. 100 

gange i væggens levetid. Det og erosionen ved plasmaudbrud skal vægmaterialerne holde til.  

I dette foredrag gives indblik i hvad fusion er, hvordan et fusionskraftværk kunne opbygges, hvad nogle af 

de væsentlige udfordringer er og hvor vi står i udviklingen i dag. Henrik Bindslev, der giver dette foredrag, 

har arbejdet som forsker ved det førende europæiske fusionsforskningscenter JET i England, ledet den 

danske fusionsforskning på Risø og været direktør for Fusion for Energy, det Europæiske fællesforetagende 

der med et årligt budget på ca. 6 milliard kroner er ansvarlig for det europæiske bidrag til opbygning af den 

eksperimentelle fusionsreaktor ITER, opbygning og drift af andre fusionsfaciliteter samt forberedelse af et 

demonstrationsfusionskraftværk. Henrik Bindslev, der tidligere var direktør for Risø DTU, er i dag dekan for 

det Tekniske Fakultet på Syddansk Universitet. 

 

 



Ultra-fast optical communications using optical time lenses
and nonlinear optical chips

Leif Katsuo Oxenløwe
The Technical University of Denmark

The information age is based on an optical Internet, where hundreds of billion optical bits are transmitted
around the globe each second. Every day in 2015, we create and transmit more data than was generated from
the dawn of time till Y2k, and it is still growing at double digit percentage levels. The backbone of the
Internet is the optical fibre, which Charles Kao was awarded the Nobel Prize in 2009 for having developed.
The biggest challenges of the Internet today are the growing capacity demands and the accompanying energy
consumption. Today, more than 2% of the global CO2 emission stems from the Internet, i.e. comparable to
the aviation industry.
In  order  to  address  these  challenges,  we  recently  started  a  new  research  centre  of  excellence
(grundforskningscenter)  supported  by  the  Danish  National  Research  Foundation  (Danmarks
Grundforskningsfond).  The  centre  is  called  SPOC  –  centre  for  Silicon  Photonics  for  Optical
Communications – and involves groups from DTU Fotonik, Department of Photonics Engineering at the
Technical University of Denmark, and the University of Copenhagen, the Niels Bohr Institute.
We will  explore the use of silicon-based photonic chips to enable ultra-broadband and ultra-fast  optical
signal processing, as there are clear signs of these methods providing both the capacity and the energy-
efficiency required in the future. However, there is a lot of research that needs to be done first. We will in
particular investigate the nonlinear optical response of optical waveguides in order to harness these effects to
perform optical signal processing of ultra-broadband optical data signals – i.e. control light by light.
In this presentation, I will describe some recent experiments we have performed that reveals that optical
signal processing does in principle provide several times the bandwidth required to signal process all of the
data on the internet today in a single chip. I will describe how the interplay between optical nonlinearities
and dispersion can be used to create so called optical time lenses that allow for advanced signal processing,
such as serial-to-parallel conversion of ultra-fast optical data signals, and such as the creation of a spectral
telescope, which can e.g. magnify the spectrum of a data signal, allowing for orders of magnitude reduction
in energy consumption in a high-capacity optical receiver. I will finally describe how this scheme was used
in our recent record-setting experiment, where we demonstrated the largest amount of data imprinted on the
light from a single laser; 43 Tbit/s, or roughly 25% of the global traffic.



Applying photonic crystal fibers to improve sensitivity in Raman Spectroscopy 
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Raman spectroscopy is a technique for chemical identification and quantification that is growing in 

popularity, resulting in the emergence of a diverse group of universities, instrument manufacturers and 

industrial users who are seeking to fulfil the technique’s potential to make non-invasive and detailed 

spectroscopic measurements. 

The application of Raman spectroscopy has been demonstrated in important industrial areas within 

Denmark (such as the Pharmaceutical industry), however quantitative and reliable Raman spectroscopy 

measurements are affected by problems of measurement sensitivity. 

We present a solution to this problem, applying hollow core photonic crystal fiber technology to enhance 

Raman scattering from liquid and gas samples loaded into it.  The non-trivial loading problem is solved 

using glass enclosures (for repeatable loading of gas) and microfluidic systems (for repeatable loading of 

liquids).  We show results based on both Spontaneous and Stimulated Raman spectroscopy, with the latter 

technique demonstrating significant enhancement of signals.  

 



Metasurface-based polarimeter: simultaneous determination of Stokes 
parameters 

Anders Pors* 
Centre for Nano Optics, University of Southern Denmark, Campusvej 55, DK-5230 Odense M, Denmark 

*Corresponding author: alp@iti.sdu.dk 

A monochromatic electromagnetic wave is typically characterized by its intensity, frequency, and state of 
polarization (SOP). Here, the first two characteristics are quite easily measured by the use of suitable 
photodetectors and spectrometers. The SOP, on the other hand, is inherently difficult to probe 
experimentally, which stems from the fact that conventional detection schemes are only sensitive to the 
intensity of light, hence any phase information between orthogonal polarization states are lost in the 
detection process. For this reason, the determination of SOP typically necessitates a (time-consuming) 
series of measurements with properly arranged polarizers placed consecutively in front of the detector, 
allowing one to eventually obtain the Stokes parameters that, similarly to the ellipsometric parameters, 
fully describe the SOP [1]. We would like to note that the series of measurements for the determination of 
SOP can be parallelized or automated, though at the expense of a more complex optical system. Despite 
the inconvenience in determining SOP, we emphasize that the field of polarimetry, which extends from 
thin-film characterization [2] to astronomy [3], relies on the measurement of a probe signal’s SOP, as it may 
carry crucial information about the system under study. 

In this talk, we discuss a certain type of phase-gradient plasmonic metasurfaces, consisting of a 
subwavelength-thin dielectric spacer sandwiched between an optically thick metal film and an array of 
carefully designed metal nanobricks (also known as nanopatches), which allow us to fully control the phase 
of the reflected light for two orthogonal polarizations simultaneously [4]. Moreover, we bring to the fore 
the equivalence between normalized Stokes parameters and diffraction contrasts in properly designed 
birefringent metasurfaces, which allow us to design a polarimeter, consisting of three interweaved 
metasurfaces, from which a simultaneous measurement (i.e., parallel) of the corresponding diffraction 
intensities immediately reveal, without the need of any calibration, the Stokes parameters of the SOP 
under examination [5]. The polarimeter is realized at an operation wavelength of 800nm, and experimental 
characterization convincingly demonstrates the expected functionalities. We emphasize that our work has 
recently been highlighted and presented in detail in Nature Photonics [6], which underlines the importance 
of determining SOP in one shot.  

1. C. F. Bohren and D. R. Huffman, Absorption and Scattering of Light by Small Particles (Wiley-VCH, 
2004). 

2. A. Rzhanov and K. Svitashev, “Ellipsometric techniques to study surfaces and thin films”, Adv. 
Electron. Electron Phys 49, 1 (1979). 

3. J. Tinbergen, Astronomical Polarimetry (Cambridge University, 1996). 
4. A. Pors, O. Albrektsen, I. P. Radko, and S. I. Bozhevolnyi, ”Gap plasmon-based metasurfaces for 

total control of reflected light”, Sci. Rep. 3, 2155 (2013). 
5. A. Pors, M. G. Nielsen, and S. I. Bozhevolnyi, “Plasmonic metagratings for simultaneous 

determination of Stokes parameters”, Optica 2, 716 (2015). 
6. T. Lepetit and B. Kanté, “Metasurfaces: simultaneous Stokes parameters”, Nat. Photon. 9, 709 

(2015).        



Time-resolved experiments of organic-plasmonic hybrids 

Till Leißner 
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The interaction of crystalline organic nanofibers with localized surface plasmons and surface plasmon 

polaritons (SPPs), forming an organic-plasmonic hybrid system, might give advantages in high-speed and 

ultra-compact signal transportation as well as in light and energy transport. Thereto, techniques had been 

developed to deposit such nanofibers without significant modifications onto nanostructured noble metal 

substrates. By controlling nanofiber’s morphology, dimensions or by using functionalized molecules the 

interaction with the supporting structures can be controlled and thus the optical and plasmonic properties 

of the hybrid system can be tailored to match specific needs.  

In this contribution I will show this exemplary on two different types of organic-plasmonic hybrid systems. 

In the first example the interaction of organic nanofibers with regular arrays of gold nanostructures leads to 

a significantly enhanced second-harmonic response and, at the same time, an increased decay rate of the 

photoluminescence lifetime. These measurements were conducted with 2-photon laser-scanning 

microscopy and fluorescence lifetime imaging microscopy. In the second example I will show how the SPP 

propagation in so-called dielectric-loaded nanofiber waveguides can be imaged and quantified with high 

spatial and temporal resolution using interferometric time-resolved 2-photon photoemission electron 

microscopy. 



Ultrafast sub-cycle carrier multiplication dynamics in silicon 

Abebe T. Tarekegne, Krzysztof Iwaszczuk, Peter Jepsen 

Department of Photonics Engineering, Technical University of Denmark, DK-2800 Kgs. Lyngby, Denmark 

One has to understand the carrier dynamics on time scales comparable to the carrier scattering time (less than 100 fs) in order 

to engineer and predict performance of nano-devices as their dimensions continue to shrink into the nanometer range and 

become comparable to the mean free path of the carriers (a few tens of nm) and where high field carrier transport conditions 

become important. Here we measure the time-resolved dynamics of ultrafast impact ionization in silicon using a broadband 

THz pump – THz probe setup. We use a simple metallic dipole antenna on the substrate as a sensitive probe of the dynamics. 

The dipole antenna plays two roles. Firstly, it locally enhances the incident THz field to a sufficient level for inducing 

measurable carrier multiplication and secondly, it probes the carrier dynamics via its resonance frequency. The resonant 

wavelength of a dipole antenna is defined by its physical length and the effective refractive index of the surrounding medium. 

The generation of free carriers in the substrate near the metal antenna modifies the refractive index, and therefore results in a 

measurable resonance frequency shift [1]. We resolve the ultrafast dynamics of this THz-field-induced resonance shift and 

the carrier dynamics in the silicon substrate following excitation by an intense THz field. The impact ionization process 

evolves rapidly on the sub-cycle time scale, revealed by characteristic beat patterns in the dynamics of the resonance shift as 

shown in fig. 1.  
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Figure 1. Ratio between the spectral amplitude of the transmitted probe pulse at strong and weak incident field strength as function of 

pump-probe delay, determined by (a) experiment and (b) simulation. c) Evolution of carrier density and carrier generation rate due to THz.-

field-induced impact ionization near antenna tips. 

Fig. 1 shows the ratio of the transmitted spectral amplitude of the probe pulse at strong and weak incident THz field strength 

(300 kV/cm vs 35 kV/cm) in measurement (a) and simulation (b). Deviations from unity in this ratio of the spectral 

amplitudes indicate nonlinear transmission induced by the pump. The plots show that the resonance frequency of the antenna 

shifts from 0.6 THz to below 0.5 THz (i.e. by 20%) on the picosecond (ps) time scale. The dynamics of the resonance 

frequency shift carries the history of the carrier generation shows that impact ionization is happening within sub-ps ultrafast 

time scales. Realistic simulations of the dynamics (Fig. 1(b)) show that within a few ps, 
18 32 10  cm  electron density is 

generated near the surface of silicon with impact ionization rates reaching much higher than earlier estimates [2].  The THz 

induced antenna resonance modulation can find application in the future high capacity THz wireless communication systems. 

This modulation can easily be made reversible on the picosecond time scale by using a substrate with ultrashort carrier 

lifetime, thus paving the way for ultrafast all-optical nonlinear signal processing at sub-THz frequencies. Moreover 

understanding the full carrier dynamics is crucial for engineering devices involving high field conditions such as avalanche 

breakdown, photoemission, high field devices where scattering and energy degradation are of primary importance.  

1. T. Tarekegne, K. Iwaszczuk, M. Zalkovskij, A. C. Strikwerda, and P. U. Jepsen, New J. Phys., vol. 17, no. 4, p. 043002, 2015. 

2. J. Y. Tang and K. Hess,  J. Appl. Phys., vol. 54, no. 9, pp. 5139–5144, 1983. 



Upconversion based detection for long range gas detection 
Lasse Høgstedt1*, Peter Tidemand-Lictenberg1, Christian Pedersen1, Andreas Fix2 

1) Technical University of Denmark, Department of Photonics Engineering, Roskilde, Denmark 
2) German Aerospace Center, Institute of Atmospheric Physics, Oberpfaffenhofen, Germany 

*) lhog@fotonik.dtu.dk 
 

Summary: A receiving system of a greenhouse gas lidar requires gain detectors with low noise and high 
quantum efficiency at wavelengths in the infrared regime. It is thus a significant drawback that those 
detectors perform generally worse than photomultiplier tubes or avalanche photodiodes for the visible 
spectral range. There can be four orders of magnitude improvement by changing the detection system 
from an InGaAs PIN-diode to an upconversion module followed by a visible PMT.  
 
In this work long range CO2 integrated path differential absorption measurements are demonstrated using 
an upconversion based detection scheme. A 1572 nm signal is upconverted to 635 nm, and detected by a 
photomultiplier tube. The upconversion approach is compared to an existing direct detection scheme with 
respect to signal-to-noise ratio and quantum efficiency. It is showed how the field-of-view for the receiver 
system depends critically on the parameters for the nonlinear upconversion process and how to optimize 
the parameters for future long range receiver systems. The conceptual sketch in figure 1 display how the of 
the field-of-view for the combined detection system is limited by the upconversion process. 
 
The work is a collaboration between the Optical Sensor Technology group and the German Aerospace 
Center, where the upconversion detector is implemented side by side with the existing CO2 DIAL system 
based on conventional detector technology. 
 

 
Figur 1 Conceptual sketch of the DIAL measurement setup. Inset shows how the upconversion process defines the effective field-of-
view for the receiver system. 
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Split-Spectrum Amplitude Decorrelation Angiography using an ultra-broadband 

source 

S. Caujolle1 ,2, *, F. Fleischhauer1, 2, T. Feuchter1, L. Leick1 and A. Gh. Podoleanu2 

1 NKT Photonics A/S, Blokken 84, 3460 Birkeroed, Denmark 
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* Mail: sca@nktphotonics.com 

Age-related macular degeneration, glaucoma and diabetic retinopathy are the three main causes for visual 

field loss and blindness [1, 2]. These diseases have an impact on blood vessels such as the presence of 

choroidal neovacularization and a reduction or complication in retinal blood flow.  

Optical Coherence Tomography (OCT) is an optical method based on low-coherence interferometry [3]. This 

non-invasive imaging method allows visualizing of ocular structures at high resolution in lateral and axial 

direction. There is a strong pull for OCT to move from structural imaging to functional imaging to add 

additional information to the morphological information, like polarization sensitive OCT, spectroscopic OCT 

or elastographic OCT. OCT angiography is one of the options by providing superficial and deep vascular 

plexuses.. One of the used algorithms in OCT angiography to enhance the vessel network is Split-Spectrum 

Amplitude Decorrelation Angiography (SSADA) [4, 5]. This process uses two concepts: the split-spectrum 

method and the calculation of the amplitude decorrelation [5]. The first technique divides the measured 

spectrum in spectral bands to reduce the sensitivity of axial fluctuations by averaging over the number of 

splits. The second step calculates the percentage of likeness between two successive measurements at the 

same lateral position. Blood cells are randomly located in the vessels over the flow stream. This induces that 

the scattering signal varies over the time. By calculating the decorrelation between two A-scans, moving 

signals will be extracted.  

An OCT setup with a spectral range from 650 to 950 nm using an ultra-broadband source from NKT 

Photonics is employed with SSADA. The improvement of using a supercontinuum source is to have the 

possibility to split the spectrum and keep a reasonable axial resolution or to increase the number of splits. 

The system is tested with a piezoelectric motor moving in axial direction. The results show that for a 

stationary sample the two consecutive measurements are 80% similar whereas the correlation drops to 45% 

in the case of a moving sample.  
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The need for functional imaging in medicine is one of the biggest needs from clinicians in the last years. 

Optical coherence tomography (OCT) is a relatively new optical imaging technique, which uses 

interferometry for non-contact, non-invasive and non-toxic measuring of depth information [1]. Spectroscopic 

optical coherence tomography (SOCT) combines the imaging capability of OCT with spectroscopic 

absorption information [1, 2]. Recent papers have shown the usefulness of SOCT in the visible wavelength 

range for oxygen saturation estimation in the eye [3, 4, and 5]. We demonstrate a SOCT system working in the 

visible spectral range from 490 to 730 nm by combining a supercontinuum light source, a Linnik 

interferometer and a commercial available broadband spectrometer. This wavelength range is chosen 

because it covers a range of useful absorbers, including that of human proteins. SOCT requires a large 

bandwidth combined with a broadband spectrometer, due to the fact that reconstruction of SOCT data 

requires dividing the measured spectrum in spectral bands. The number of bands determines the spectral 

resolution, while the axial resolution depends on the spectral width of each window. A supercontinuum 

source with its broad spectrum allows a sufficient number of windows combined with a reasonable axial 

resolution. 

The system is tested with a laser dye rhodamine B for calibration and verification. Rhodamine B is dissolved 

in ethanol in a cuvette and placed in one of the interferometer arms. It has an absorption peak at around 542 

nm, which resembles the absorption spectrum of several proteins in the globin group. The results show that 

the absorption spectrum of rhodamine B can be reconstructed and show varying spectroscopic information 

retrieved from different concentration. 
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Bonding is the backbone to many of the devices, which aim to integrate IIIV structures on Si. It becomes even 
more important to ensure a good bond if the device has to demonstrate good reliability and reproducibility. 
Furthermore, in most cases we want to avoid any new materials in the system and try to avoid high temperatures 
[1]. Our direct bonding process aims to achieve a robust bond at a low temperature using Al2O3 as the 
intermediate layer. 

We have been successful in understanding the different parameters required for a good bond and defined a 
process flow to achieve it.  We have systematically studied the contribution of surface roughness, bow of the 
wafer, handling and most importantly, the use of Al2O3 as an intermediate layer for a successful bond. In 
comparison to Si-SiO2 interface, Al2O3 has almost 3 times –OH groups [2, 3] which directly translates to more 
reaction sites. Thus, we expect a higher bond strength. In addition, we introduce a simple method to activate the 
surface before we put the wafers together for a pre-bond. All the above work was performed using Si wafers to 
benchmark against the work from Maszara [4] and Tong [5], which remain state of the art for Si hydrophilic 
bonding. The use of an intermediate layer helps us translate the process to bond any two surfaces. We have 
successfully bonded Si-SiO2 wafers to InP wafers and are working on bonding new materials. 

 

[1] Pasquariello, Donato, and Klas Hjort. "Plasma-assisted InP-to-Si low temperature wafer bonding." Selected Topics in Quantum 
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[4] Maszara, W. P., et al. "Bonding of silicon wafers for silicon-on-insulator." Journal of Applied Physics 64.10 (1988): 4943-4950. 
[5] Q. Y. Tong and U. Gösele, Journal of the Electrochemical Society, 143(5), 1773 (1996). 

 

Figure:  IR Image of a bonded 4” wafer (Si-Al2O3-Si). Figure:  SEM Image of a bonded interface of a 
patterned SiO2 wafer to InP wafer using Al2O3. 
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Novel Multi-View Light Sheet Microscope with directly 

modulatable solid-state lasers for in toto imaging 

The observation of biological processes deep inside tissues can readily be

compromised by light scattering and autofluorescence. These influences can be

reduced by using appropriate fluorescent proteins in combination with optimal

laser excitation. Typically, scattering and autofluorescence is weaker in the red

to far-red spectrum, which makes bright red fluorophores promising candidates

for in toto imaging. These fluorophores are best excited by yellow to orange-red

light, but suitable lasers with enough output power and direct modulation were

long not available. In combination with a novel illumination and imaging SPIM

configuration, allowing a 360 degrees view of thick samples, substantial

improvements have been achieved for 3D in-vivo observation of early cleavage

divisions in the fruit fly embryo.

New directly modulatable laser sources and multi-view SPIM opens 
up for compact, “cool” imaging inside live organisms

Figure 2: Principal 

optical layout with 

cylindrical lens and 

microscope objective for 

generation of the light 

sheet. 

The sample is located 

inside a water filled 

chamber and can be 

positioned in 3D with 

piezo actuators. 

A water immersion 

objective with tube lens 

and emission filter 

generates the camera 

image

Application example – fruit fly

The fruit fly, Drosophila melanogaster, is a highly studied model organism. The first 

13 nuclear divisions occur in the absence of cytokinesis yielding roughly 6000 nuclei 

in the common cytoplasm (syncytium). The vitelline membrane and the yolk are the 

main causes for autofluorescence (AF) in the embryo; this, together with the short 

time interval between divisions, are challenges for live images. When using blue to 

yellow fluorescent proteins (e.g. ECFP, EGFP and EYFP), the required excitation 

wavelengths in the blue or blue-green spectral region (<520 nm) generate a broad AF 

emission spectrum (up to 570 nm), which often has a considerable negative impact 

on the imaging quality. In the red spectral region, on the other hand, the 

contribution from AF is very small.

By choosing longer wavelength fluorophores (e.g. mCherry, mRFP) in combination 

with a suitable excitation laser wavelength, both the scattered light and the AF can 

be reduced

CONTACTS

Figure 1: Functional principle of a light

sheet fluorescence microscope.

Fluorophores in the embryo are

illuminated from the side with a just a few

µm thick light sheet. The emitted photons

are collected by the detection lens

perpendicular to the illumination plane.

The focal plane of this lens coincides with

the illumination plane

In the last years, diode lasers with suitable wavelengths and output powers for 

various kinds of fluorescence microscopy have become widely available, e.g. at 445, 

488 and 640 nm. Especially due to their capability of direct intensity modulation with  

good contrast ratio, these lasers have become the preferred choice compared to 

continuous-wave (cw) gas and DPSS lasers, requiring external modulators. 

These modulators, typically of acousto-optical nature, require additional instrument 

space, uses more electrical energy, generate more heat and add cost, compared to 

their diode laser based counterparts. 

But no practical useful laser diodes with wavelengths between 520 nm and 630 nm 

are so far available. New developments for solid-state lasers though, is showing very 

promising results for high quality direct modulation. These modulators, typically of 

acousto-optical nature, require additional instrument space, consumes more 

electrical energy, generate more heat and add cost, compared to their diode laser 

based counterparts. 

Lars Hufnagel (EMBL, Luxendo GmbH), 

Dag von Gegerfelt (von Gegerfelt Photonics GmbH) 

Jonas Hellström, Cobolt AB

Directly modulated lasers for fluorescence microscopy

SPIM – technical concept

The visualisation and quantification of biological processes in living organisms 

require methods that can acquire three-dimensional fluorescence data with high 

spatial and temporal resolution, but at the same time minimize the phototoxic 

effects. Light sheet based fluorescence microscopy (LSFM), or SPIM (Selective Plane 

Illumination Microscopy), has proven to be a strong alternative to widespread 

confocal and multi-photon microscopy techniques especially for developmental 

biology studies.

SPIM typically achieves optical sectioning by using two objectives: one for 

illumination that generates a thin light sheet inside the specimen, and a second, 

perpendicular objective that collects the emitted light, see figure 1 and 2. Contrary 

to conventional microscopy methods, only the fluorophores in the direct vicinity to 

the focal plane of the detection lens are excited. The bleaching of fluorophores 

outside the focal plane is therefore reduced compared to confocal microscopy. In 

particular for thick specimen, such as fish embryos, a reduction of two orders of 

magnitude can be achieved while yielding higher contrast images at the same time.

Multiple-View  Lightsheet Microscopy

Figure 4: Multiview confocal light-sheet image of a fruit fly embryo expressing a 

red nuclear marker. Histone proteins enclosed by the cell nuclei are marked 

with red fluorescent protein (H2Av-mCherry). The excitation wavelength is 561 

nm, the emission is filtered by a 647 nm longpass filter. The image displays a 

section through the middle of the embryo with the anterior pole on the left. 

The images were acquired with an SCMOS camera (Hamamatsu Flash 4 V2) 

operated in the light-sheet mode. The illumination beam was synchronized with 

the active are of the detector to allow for a confocal detection to discriminate 

scattered photons. (Illumination objective Nikon 10X NA=0.3, detection 

objective lens Nikon 25x NA=1.1, light sheet thickness 4 μm)

Figure 3: Compact directly modulatable DPSS Laser,  
type Cobolt MDPL 561 (prototype)

But no practical useful laser diodes with wavelengths between 520 nm and 630 nm 

are so far available. New developments for solid-state lasers though, is showing very 

promising results for high quality direct modulation. Some very compact DPSS 

prototype lasers from Cobolt AB (Sweden), fig. 3, provided for this project, have 

shown excellent ON/OFF contrast ratios up to approx. 50 kHz. Although far from the 

MHz bandwidths typical for diode lasers, this is sufficiently fast for the actual 

microscope and does not limit its imaging speed. 

These lasers also show very low intensity noise (<0.2% rms) and excellent beam 

quality (TEM00, M
2<1.1) together with very high long-term power and beam pointing 

stability. The latter is considered an important condition for the day- or sometimes 

weeklong observations of live cell developments.

Using four simultaneous orthogonal views, fig. 5, the 

MuVi-SPIM from Luxendo GmbH (Heidelberg, DE) 

enables fast 3D imaging of large living specimens 

without the need for sample rotation. This avoids 

shadowing effects and facilitates long-term imaging at 

dramatically increased acquisition speed. Gentle 

sample handling and low phototoxicity. 

Up to 6 different, directly modulatable laser lines can

be selected, all integrated in the instrument, fig. 6. 
Figure 5: The four 

objective lenses allow four 

combinations of 
illumination and detection. 

Lars Hufnagel, European Molecular Biology Laboratory, Heidelberg (DE), hufnagel@embl.de

Dag von Gegerfelt, von Gegerfelt Photonics, Bensheim (DE), dag@vgphotonics.eu 

Jonas Hellström, Cobolt AB, Solna (SE), jonas.hellstrom@cobolt.se 
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Figure 6: The MuVi-SPIM 

from Luxendo GmbH, a 

spin-off from EMBL. 
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In the last few years, organic solar cells have gained a widespread interest due to their 
appealing properties such as mechanical flexibility, light-weight and low-cost of fabrication. 
However, achieving high efficiency and stability in these devices requires a deeper 
understanding of all processes involved in charge generation, namely: photo-excitation, 
exciton diffusion, charge-transfer and charge extraction. Since some of these processes 
occur in a very short timescale, they have to be characterized by means of ultrafast 
techniques. In this work, we investigate the dynamics of the photo-induced processes 
using two ultrafast optical methods: transient absorption spectroscopy and time-resolved 
photoluminescence. The former is a pump-probe technique, which allows tracking the 
dynamics of both radiative and non-radiative photo-excited species. The latter is 
measuring photoluminescence lifetime, which is directly related to the decay of singlet 
excitons. The work presented here is focused on the small molecule system consisting of 
α-sexithiophene (α-6T) and C60 fullerene, which are well known materials for organic solar 
cells. Since it have been shown that the morphology of the α-6T layer, which can be easily 
controlled via in-situ annealing [1], have a crucial impact on efficiency of devices [2], our 
aim is to investigate its role on the dynamics of photo-induced processes.      

 
 
Keywords: organic solar cells, transient absorption spectroscopy, time-resolved 
photoluminescence, ultrafast optics. 
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Nanoscale concave structures for field enhancement in organic thin films 
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A promising method for improving the power conversion efficiencies of organic solar cells (OSCs) is by 

incorporating structured electrodes in their thin film architecture, improving the light absorption in the 

device’s active layers. A cheap and large-scale production compatible method for structuring the electrodes 

in OSCs is by the use of Anodic Alumina Oxide (AAO) membranes. Here, nano-scale pores of controlled 

dimensions are formed through anodic oxidation of sputter deposited high purity aluminum (Al) films. The 

Al deposition conditions are controlled in order to modify the roughness and the grain size of the Al layers, 

as those parameters critically affect the subsequent pore formation during the anodization process. The 

anodization of the Al layers occurs in an electrochemical cell in H2C2O4 and H3PO4 solutions, in order to tune 

the AAO pore diameter and interpore distance. Following anodization, the fabricated AAO is selectively 

etched away in H2CrO4/H3PO4 mixtures, in order to reveal the underlying Al nanoscale dimples, which are 

present at the bottom of the pores. We investigate the light-trapping properties of these dimples as a 

function of their dimensions and ordering. The dimples’ optical properties were investigated by non-

destructive laser ablation of polymer coatings. The resulting polarization-dependent field enhancement 

measurements are compared to FDTD calculations to further explain the mechanisms of light-trapping in 

dimple-structured organic thin film devices. 
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Abstract

We construct a semianalytical model capable of predicting the scattering and extinction properties of free
waves of a high aspect-ratio trench in a metallic surface. The model is based on plane-wave excitation of a gap
surface-plasmon (GSP) mode in the trench which is subject to a Fabry-Perot (FP) type resonance condition [Fig.
1(a)]. We show that in the perfect conductor limit, the scattering cross section reaches the dipolar unitary limit
[Fig. 1(b)]; the scattering limit for a gainless, electric dipolar scatterer. Numerical simulations are performed to
verify the model findings, and calculate additionally cross sections for excited surface-plasmon polaritons which
are not included in the model and determine the regime of validity for the semianalytical model. We expand the
consideration to tapering trenches which are more easily attainable with widespread fabrication equipment and
characterize the spectral properties of the trenches by reflection spectrometry [Fig. 1(d)]. Finally we estimate the
field-enhancement by means of two-photon luminescence.
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Figure 1: a) Schematic of the considered vertical trench under illumination. (b) Scattering spectra showing results obtained
by the semianalytical model and Green’s function surface integral method (GFSI). (c) SEM images of metallic tapering
trenches with varying depths (top) and darkfield images of these (bottom) (d) Extinction spectra of the fabricated grooves
under p-polarised illumination.

Apart from being efficient dipolar scatterers in the infrared, the trenches in the visible exhibit highly superge-
ometric absorption cross sections, enabling the use of arrayed trenches for efficient thermal emitters, made from
only one metal. The use of FP-like GSP-resonators to tailor thermal emission is particularly suitable for the adop-
tion to refractory materials, as materially homogeneous emitters overcome the melting point depression arising
from both the inter-diffusion of the used materials and nano-scale size of of thin film emitters [K. Dick et al., J.
Am. Chem. Soc. 124, 2312 (2002)]. This enables intense tailored thermal emission at temperatures substantially
closer to the bulk melting point of the metal than emitters made from several materials [A. S. Roberts et al.,
Opt. Express 23, A1111 (2015)], with considerable potential within the quest for higher efficiency in the field of
thermophotovoltaics.
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Abstract 
We demonstrate the characterization of a flexible long-range surface plasmon polariton waveguide 

(LRSPPW), which consists of a thin 15-nm-thick gold stripe embedded in a polymer. Our experiment results 
shows decent coupling loss (~ 1dB/facet) and propagation loss (~ 1dB/mm) at 1550 nm. 
 

LRSPPW possesses a simple configuration of embedding a thin metallic stripe in a polymer, and 
has been widely-investigated by its advantage of long propagation length (mm- or even cm-order) 
compared to a lot of other plasmonic waveguides (usually in μm order) [1]. More interestingly, a low-
loss bending LRSPPW could serve well in optical interconnection applications [2]. Here we present 
the design and characterization of such kind of flexible LRSPPWs. 

The waveguide is composed of a 15-nm-thick gold stripe embedded in the center of a 40-μm-
thick polymer (n=1.4) on a silicon substrate (Fig.1(a)). The width of gold stripe varies from 5 to 15 μm 
by a step of 2.5 μm. By depositing a ~30 nm thick gold film between the polymer and substrate, the 
waveguides can be detached from the substrate easily. 

 
Fig.1 (a) Top-view image of the fabricated LRSPPWs. Inset shows the mode distribution from simula-

tion. (b) Measured insertion loss. (c) Bending-loss measurement setup. 

We measured the insertion loss of the waveguides of different lenghs and different gold stripe 
widths by end-fire coupling with cleaved single-mode fiber (Fig.1(b)). The insertion loss includes two 
parts: coupling loss in both ends and propagation loss of the waveguides. By means of cut-back meth-
od, we obtained the coupling loss of  0.8--1.3 dB/facet and propagation loss of 0.95--1.2 dB/mm. The 
bending loss of the waveguides will be measured after they are separated from the substrate (Fig.1(c)). 

In conclusion, we have characterized a bending LRSPPW with decent propagation length and 
coupling efficiency, and it shows promise to be used as optical interconnector in commercial products. 
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Mattia Michieletto,1 Thomas Tanggaard Alkeskjold2 and Jesper Lægsgaard1

1DTU Fotonik, Technical University of Denmark Bldg. 343, 2800 Kgs. Lyngby, Denmark
2NKT Photonics A/S, Blokken 84, 3460 Birkerød, Denmark

∗kluje@dtu.dk

Modern fiber amplifiers provide significant gain with very little heating due to the high surface-to-
volume ratio. However, the necessity of increasing either the doping concentration or the length
of the fiber for increased gain limits the output power available. A dual-pass amplifier setup
provides an increase in gain, as well as gain saturation for lower seed powers, without the need
for any change in fiber design [1].

We investigate the properties of a dual-pass rod fiber amplification scheme, for use in high av-
erage power setups. A comparison is made between the single- and dual-pass configurations of
an Yb-doped Distributed Mode Filtering (DMF) Photonic Crystal Fiber (PCF) rod amplifier in
which modal properties, gain efficiency and output powers are investigated both experimentally
and numerically. [2]

In fig.1, the dual-pass setup is illustrated simplistically. A polarized seed-signal is initially propa-
gated through the rod fiber, where after a Faraday mirror is used to rotate and reflect the signal
back through the fiber once again. This rotation enables the separation of the input and output,
by means of a polarization beam-splitter (PBS).

Figure 1: Backwards-pumped dual-pass fiber amplifier configuration.
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