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Abstract: We report observation of ultrafast impact ionization and carrier multiplication in high resistivity 
silicon induced by intense subpicosecond terahertz transients. Local terahertz peak electric fields of up to 7.5 
MV/cm are obtained by field enhancement in the near field of a resonant metallic antenna array. The carrier 
multiplication is probed by the frequency shift of the resonance of the antenna array due to the change of the 
local refractive index of the substrate. Measurement results and simulations show that the carrier density in 
silicon increases by over seven orders of magnitude in the presence of an intense THz field. The enhancement of 
the resonance shift for illumination from the substrate side in comparison to the illumination from the antenna 
side is consistent with our prediction that the back illumination is highly beneficial for a wide range of nonlinear 
processes. 
Short summary 
A combination of an intense THz field and an additional field enhancement provided by a metal resonant 
antenna allow operation in a multi-MV/cm field strength range which causes carrier multiplication by impact 
ionization in high resistivity silicon. The carrier multiplication process is systematically probed by measuring the 
resonance shift of metal antenna array fabricated on high resistivity silicon. In the presence of an intense THz 
field the resonance frequency of the metal antenna array shifts which we attribute to a change in the refractive 
index of the substrate due to the carrier multiplication. The resonance shift of the antenna array is measured for 
several field strengths in both front and back THz illuminations. We theoretically predict and experimentally 
show that back illumination (even though counterintuitive) leads to higher field enhancement which depends on 
the refractive index of the substrate. This explanation of a simple observation shows that the orientation of the 
sample can be critical in order to maximize the strength of nonlinear phenomena at interfaces between materials 
and air. 
Our measurements and simulations show that the free carrier density in high resistivity silicon has increased by 
more than seven orders of magnitude. The carrier multiplication is induced by a terahertz pulse with a photon 
energy three orders of magnitude less than the bandgap of silicon. Unlike impact ionization by high static fields, 
THz engendered impact ionization is a noncontact process that does not involve electrodes. That makes it 
advantageous in terms of simplicity.  In the future THz pump with a delayed THz probe experiments will be 
essential to fully understand the carrier dynamics and nonlinear scattering processes in silicon. Finally, this 
extraordinary carrier multiplication phenomenon can be utilized for new silicon functionalities such as ultrafast 
switching and modulators in devices.  
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Fast Fiber Bragg Grating Inscription in the Undoped 
Microstructured Polymer Optical Fibers 
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We have inscribed Fiber Bragg gratings in undoped 3-ring PMMA microstructured polymer 
optical fibers in less than 7 minutes, which is 6-7 times faster than previously reported. We also 
showed angular inscription dependency between the holey area and inscription beam. 

Polymer Optical Fibers (POFs) have many advantageous properties compared to their silica counterparts, 
such as 30 times lower Young’s modulus, higher tensile strength and biological compatibility, which 
makes them favorable for many sensing applications. Nevertheless, manufacturing of Fiber Bragg 
Gratings (FBGs) in POFs is still an emerging technology facing numerous challenges, such as reducing 
the writing time to achieve commercial-scale fabrication. This is particularly problematic in 
microstructured POFs (mPOFs) in which the holes hinder the UV writing beam to enter the core. 

FBG inscription was performed using the phase-mask technique with a 325nm CW He-Cd laser1. The 
precise alignment was obtained using a paper pinhole and aligning the light paths of transmitted and 
mirror-reflected light as well as optimizing the focus. Mirror was a silica glass of exact phase mask 
dimensions. The lateral alignment is made by looking at the back-reflection pattern projected on to the 
pinhole paper. Fibers were undoped 3-ring PMMA mPOFs. By this fairly simple method, we managed to 
inscribe FBGs having a reflectivity of up to 26 dBs at 632 nm with inscription times below 7 minutes2 
which is 6-7 times faster than previously reported3,4. 

We continued the investigation by writing many FBGs in the fibers and noting their respective FBG 
reflection strength. Following that, fibers were exposed to more UV light and subsequently they were 
cleaved at the position of the inscribed FBGs. Resulting cross-sectional images gave us valuable 
information about inscription angle dependence. We have shown that for certain angles, an extremely fast 
FBG inscription is possible while at certain points the holes hinder majority of light making FBG 
inscription in certain cases almost impossible. 

In addition to fast inscription times and angle dependency, we have implemented a peak-logging routine 
which followed the FBG peak magnitude during inscription; we investigated how the laser power 
influences the growth of FBGs. Obtained curves show mainly exponential reflection growth while the 
laser intensity seems to influence the start and the speed of FBG formation. However, in about half of the 
FBGs written, a knee occurred in the otherwise exponential growth, suggesting two processes driving 
FBG formation, one dominating the initial FBG formation while second one taking over after some time5. 

Inscription time of about 7 minutes is still far away from fast mass production of POF FBGs but,taking 
into account that the mPOF is undoped, it is a significant step in that direction. 

                                                           
1A. Stefani et al., IEEE phot. tech. lett. 23(2011) 
2I. Bundalo et al., Opt.Expr. 27, 2014 
3G. Statkiewicz-Barabach et al., Opt.Expr, 21(2013) 
4H. Dobb et al., Opt. Lett. 30(2005) 
5D. Sáez-Rodríguez, Opt.Lett.39(2014) 



Plasmon enhanced silver quantum cluster fluorescence for biochemical applications

Sylvain Bernard and Klaus B. Mogensen 

1. Technical University of Denmark (DTU), Dept. of Micro- and Nanotechnology, 2800 Kgs. Lyngby, Denmark, Phone:
+45 45256304, E-mail: klaus.mogensen@nanotech.dtu.dk

Silver quantum clusters (AgQCs) consisting of typically 4-10 atoms and known to be highly 
fluorescing in the visible wavelength range.1 Here, plasmon-enhanced silver quantum cluster
fluorescence is employed for chemical sensing in a simple microfluidic device (Fig. 1). Oil-immersion 
microscopy is used through the lid of the chip (x100 objective), which makes imaging of individual 
silver clusters possible inside the channel. The bottom substrate contains plasmonic silver particles
(AgNPs) that are both used for cluster photoactivation and fluorescence detection. Initially, plasmon-
enhanced photoreduction of Ag-cations in solution (1 mM AgNO3) is employed for synthesis of the 
quantum clusters (< 1nm) at the surface of the larger AgNPs (d~20nm). This is done by excitation of 
the peak of the plasmon band (50 mW diode laser, =473 nm, fig. 2), which is well known to create a 
very high electric field density in the so-called ‘hot spots’ between the AgNPs. The resulting ‘hot 
electrons’ are utilized for reduction of Ag-cations in solution to fluorescing zero-valent Agn clusters
that reside on the plasmonic NPs (Fig. 1 and 3).    

Only little work has been reported on attempts to modify the AgQC fluorescence for sensing purposes, 
e.g., by adsorption of proteins on the surface, or tests with different organic solvents, where a minor
difference in luminescence has been observed.2 The novelty of this work is that here, a scheme based 
on oxidative dissolution is employed, where the QCs are dissolved upon interaction with the analyte, 
resulting in a much bigger change in signal. Silver is dissolved by molecular oxygen in the solution, 
with a very slow rate constant (half life of several days). However, upon interaction with nucleophilic 
reagents, the rate is dramatically increased. The nucleophile donates an electron pair at the metal 
surface through a coordinative bond. The increase in electron density at the surface results in an 
increase in the free electron density at the bulk of the particle, thereby increasing the Fermi level (and 
decreasing the redox potential). Hence, it is easier for the electrons to 'escape' from the metal, thereby 
promoting charge transfer to molecular oxygen in solution.3  

An example of a preliminary measurement of cyanide is shown in Fig. 4. Two time constants are 
needed to fit the exponential decay that shows an initial fast decay with a mean lifetime of only 15s. 
Such an experiment is a first step towards controlling the QC fluorescence at an individual cluster 
level. The enhanced brightness due to coupling with plasmonic NPs is a distinct advantage compared 
to QCs in solution, because it enables easy visualization at a single cluster level using standard 
microscope setups. The sensitivity with respect to charge transfer reactions should be very high
because each cluster only consists of few atoms/free electrons, so the relative effect of a single charge 
transfer reaction is high.  

Overall, we strongly believe that quantum cluster fluorescence will receive increased interest within 
the scientific community, especially when coupled with plasmonic nanoparticles and possibly also 
integrated with microfluidics for improved control of the reaction kinetics. 



Figures:

Fig. 1. Microscope image (left) of blinking AgQC 
fluorescence. Cross sectional sketch (top insert) of the 
device, showing both AgNPs and Ag quantum clusters. The 
AgNPs were fabricated by evaporating a 5 nm silver layer 
on glass substrates, followed by annealing at 400 C in 
forming gas for 10 min. Optical spectrum (bottom insert) of 
the cluster emission, showing at least three bands; green, red 
and near infrared.

Fig. 2. Plasmon band of a 10 nm Ag silver layer (nominal 
thickness) deposited onto a glass substrate after annealing.
The particle size was around 20 nm.  This thickness was 
chosen in order to have a good overlap with the =473 nm 
excitation source (blue dashed line).

Fig. 3. Plasmon-assisted photoactivation of quantum cluster 
fluorscence in a 1mM AgNO3 solution (black curve) using 
laser diode excitation ( =473 nm, P=50 mW). The 
photogeneration obeys Hill/Langmuir kinetics (red curve) 
with a time constant of 31s.

Fig. 4. Decay of the fluorescence due to oxidative 
dissolution of the AgQCs, using 10 M cyanide as a 
nucleophile/ ligand (black curve). Two time constants are 
necessary for the exponential fit (red curve), showing a fast 
initial decay (mean lifetime of only 15s).
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Abstract— We experimentally show that metallic dipole 
antennas emit ultraviolet radiation when illuminated with 
ultrashort high-power terahertz pulses due to ultrafast electron 
field emission from the metal and consecutive ionization and 
excitation of atmospheric gas molecules. 

I. INTRODUCTION 
HE development of high power ultrafast terahertz (THz) 

table-top sources [1] has opened the door to a rapid 
progress in nonlinear terahertz optics. Nonlinear THz 
phenomena have been demonstrated for plasmas, various gases, 
liquids, and solid-state materials [2]. Especially THz nonlinear 
optics of semiconductor materials has been a widely explored 
area. Effects such as intervalley scattering [3], impact ionization 
[4], self phase modulation [5] or high harmonic generation [6] 
have been demonstrated. But so far, according to our 
knowledge, very little progress has been achieved on 
understanding the interaction of strong THz pulses with metals. 
Here we present one of the first demonstrations of extreme 
nonlinear interactions between THz waves and a metallic 
system.  

II. RESULTS 
Resonant THz-frequency dipole antennas are fabricated on a 

high resistivity silicon substrate by a standard UV lithography 
process after full wave 3D numerical simulations of the resonant 
properties of the antennas. The structure design was optimized 
to maximize the field enhancement at the resonant frequency. 
Figure 1(a) shows the result of optimization for a frequency of 
0.6 THz, while Fig.1(b) shows the spatial distribution of the 
THz electric field amplitude at 0.6 THz in the plane of the 
antenna. The field has a dipole-type spatial distribution and a 
field enhancement factor over 25 is reached at the tips of the 
antenna.  

We make the surprising observation that the resonant dipole 
antenna samples emit characteristic UV light when exposed to 
strong field THz transients. Single-cycle terahertz transients 
with frequency spanning from 0.1 to 2.5 THz and peak electric 
field strength >300 kV/cm are obtained by optical rectification 
in a tilted-wavefront phase-matching configuration. In a 
separate experiment [7] we have shown that the emission 
spectrum is composed of a series of spectrally narrow lines 
situated between 300 nm and 400 nm, clearly identifying the 
THz-induced photoluminescence as originating from the second 
positive band of molecular nitrogen. 

Figure 1(c) shows the intensity of the UV light measured by 
the PMT tube with a 10 nm wide 340 nm bandpass filter in a 
two THz pulse experiment. When two THz pulses arrive at the 

resonant antenna simultaneously, strong and highly nonlinear 
enhancement of UV emission is clearly visible. As the THz-THz 
time delay increases, UV emission decreases and oscillates a 
frequency of 0.59 THz, which agrees very well with the 
designed maximum field enhancement frequency.  

 
Fig. 1. (a) SEM images of resonant THz antennas for efficient UV light 
emission. (b) 3D simulation of the THz electric field distribution at the resonant 
frequency of 0.6 THz. (c) UV emission intensity as a function of THz-THz time 
delay. 

III. SUMMARY 

We attribute observed effect to ultrafast electron field 
emission from the metal and consecutive ionization and 
excitation of the gas molecules surrounding the antennas. The 
resonant metal structure acts as the source of electrons and also 
provides nearfield enhancement to the terahertz electric. The 
emitted electrons are subsequently accelerated in the electric 
field and reach energies as high as 100 eV. Such energetic 
electrons can ionize or excite molecules of the gas surrounding 
the antenna. During the return to the ground state the molecules 
can emit photons with energies given by the difference of the 
energy levels between the excited states and the ground state.  
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Fig. 1 Atomic force microscope 
height profile of the 
beamsplitter system in [nm]. 

Generation and controlled routing of single plasmons on a chip 
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Abstract
We deterministically couple a single nitrogen vacancy (NV) center in a nano-diamond to a silver nanowire, thereby 
generating single propagating plasmons. Afterwards a second nanowire is coupled to the first one and we subsequently 
demonstrate controlled routing of single plasmons between the two wires.  

By making use of surface plasmon modes propagating along metallic nano-
structures, it is possible to scale down optical components far beyond the 
standard diffraction limit of light. For example, surface plasmon based couplers 
operating at both the visible and the telecom spectral range have been 
demonstrated [1,2]. Furthermore, due to the strong field confinement of 
plasmonic modes the spontaneous emission rate of a nearby dipole emitter can 
be greatly enhanced and the  emission can be channelled into a well-defined 
spatial mode, which is a promising effect for building a bright and on-demand 
single photon source [3,4,5]. 
In this contribution, we experimentally construct and test with single photons a
plasmonic beam-splitter based on evanescent adiabatic coupling between two 
silver nanowires supporting surface plasmon polariton (SPP) modes [6]. The 
individual nanowires have diameters of 88 nm. Using a scanning probe 
technique [5, 7], we first couple a single nitrogen vacancy (NV) center located in 
a nano-diamond to the SPP mode propagating along one nanowire. After this, the 
second wire is placed next to the first one such that the SPPs supported by the 
individual wires can couple to each other. An atomic force image of this 
nanowire configuration is presented in Fig. 1. Our optical measurements verify that 
SPPs are coupled from the first to the second nanowire. Beyond this we 
demonstrate different coupling strengths by further adjusting the gap between the 
two wires. The coupling strength found in the experiment is confirmed by finite element simulations.

References 
[1] Q. Li, S. Wang, Y. Chen, M. Yan, L. Tong and M. Qiu, “Experimental Demonstration of Plasmon Propagation, Coupling, and 
Splitting in Silver Nanowire at 1550-nm Wavelength”, IEEE Journal of Selected Topics in Quantum Electrodynamics 7, 4 (2011). 

[2] H. Wei, S. Zhang, X. Tian, and H. Xu, “Highly tunable propagating surface plasmons on supported silver nanowires”, PNAS 
110, 12 4494–4499 (2013)

[3] A. V. Akimov, A. Mukherjee, C.L.Yu, D. E. Chang, A. S. Zibrov, P. R. Hemmer, H. Park and M. D. Lukin, “Generation of 
single optical plasmons in metallic nanowires coupled to quantum dots”, Nature 450, 402-406 (2007) 

[4] R. Kolesov, B. Grotz1, G. Balasubramanian, R. J. Stöhr, A. A. L. Nicolet, P. R. Hemmer, F. Jelezko and J. Wrachtrup, 
“Wave–particle duality of single surface plasmon polaritons”, Nat. Phys. 5, 470 - 474 (2009)

[5] S. Kumar, A. Huck, and U. L. Andersen, “Efficient Coupling of a Single Diamond Color Center to Propagating Plasmonic 
Gap Modes”, Nano Lett. 13 (3), 1221 (2013). 

[6] S. Kumar, N.  I. Kristiansen, A. Huck, U. L. Andersen, ” Generation and Controlled Routing of Single Plasmons on a Chip”, 
Nano Lett., 14 (2), 663–669 (2014)

[7] A. Huck, S. Kumar, A. Shakoor, and U. L. Andersen, “Controlled Coupling of a Single Nitrogen-Vacancy Center to a Silver 
Nanowire”, Phys. Rev. Lett. 106, 096801 (2011).



Field enhancing coupling between lattice modes and microslits resonant
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Abstract: We demonstrate field enhancements of more than 26 times inside microslits periodically 

arranged in gold films for nonlinear terahertz spectroscopy of crystalline materials.

Terahertz spectroscopy is an attractive technique for investigating molecular dynamics of the lowest 
eigenfrequencies in solids and biomolecules. Light sources with frequencies in the terahertz range have shown the 
ability to measure a molecular “fingerprints” of materials, which have been developed to a number of applications 
within material science, sensing and security. Now, the technology is evolving towards more intense terahertz 
sources and the interest for nonlinear molecular phenomena pumped and probed with terahertz sources is growing. 
Two methods for intense terahertz pulse generation are commonly used in table-top femtosecond laser facilities: via 
optical rectification in lithium niobate crystals and from two-color air plasmas. From both techniques field 
strengths in the orders of MV/cm have been achieved; using lithium niobate in a bandwidth up to 3 THz, where the 
two-color air plasma method has revealed bandwidths of more than 30 THz. At the same time plasmonic structures 
such as metallic nanoslits and antennas can locally enhance the field strength even further at tailored resonance 
frequencies in the terahertz range. By composing a terahertz spectroscopy system combining intense table-top 
systems and plasmonic metallic structures, it becomes possible to perform resonant spectroscopy on molecular 
samples with enhanced sensitivity and much higher field strengths than previously seen. In addition, it has been 
shown that so-called lattice modes from periodic plasmonic array can couple to the resonance frequency of the 
structure. Here, we study the coupling of the resonance frequencies of micro-slits to lattice modes leading to a 
significant additional field enhancement of approximately 30% more than when the slit resonance overlaps with a 
lattice mode. Fig. 1 shows simulations of three types of resonant slits coupled with plasmonic modes. These will be
explained theoretically by a coupled oscillator model, and verified by terahertz spectroscopy experiments.

Fig. 1: Left: Simulations of field enhancement for slits with lengths of 35 (A), 75 (B) and 110 μm (C) in a

70x110μm array together with the calculated lattice modes (black lines). Center: Field distribution of the (0,1) 

lattice mode. Right: E-field distribution of the slits at 0.8 THz. The excitation field is 1 V/M.
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Light trapping in guided modes of thin-film silicon-on-silver waveguides by 
scattering from a nanostrip 
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Department of Physics and Nanotechnology, Aalborg  University, Skjernvej 4A,                                                 
DK-9220 Aalborg Øst, Denmark 

 

Light-trapping in waveguide modes is studied theoretically and experimentally for light incident on a 
waveguide configuration consisting of a 50-500 nanometer-thin planar silicon (aSi:H) film with a planar 
silver back-reflector by scattering from a nanostrip placed directly on the silicon surface. From an optical 
point of view this configuration is similar to a thin-film silicon solar cell. The usual picture for thicker films is 
that part of the light incident on the scatterer or nanostrip can be coupled into the silicon film at a 
continuum of angles above the critical angle for the silicon-air interface, in which case light will be trapped 
and subsequently absorbed. However, for thin films a more appropriate picture is that of light being 
coupled into the guided modes of the air-silicon-silver geometry corresponding to discrete angles. The 
scattering of light into each guided mode, and out-of-plane scattering, will be quantified by the related 
scattering cross section. It will be shown that scattering-cross-section spectra have sharp resonances near 
cut-off wavelengths of guided modes, with more closely spaced resonances for thicker films. Total resonant 
cross sections can easily exceed physical cross sections by a factor 10. This study also includes light trapping 
due to coupling into the Surface-Plasmon-Polariton mode that exists due to the silver surface. It will be 
shown that peaks in scattering cross sections can be tuned via the geometry to the appropriate wavelength 
range where light trapping is advantageous for solar cells due to weak absorption in the silicon. The 
theoretical calculations include material losses, and both dielectric and metal scatterers are considered. 
The calculations were carried out with Green’s function integral equation methods. 

Experimentally, we consider an array of silver nanostrips spaced 10 micrometers apart on the surface of a 
290-nm-silicon-(aSi:H)-film-on-silver waveguide. Extinction and scattering is measured by an integrating 
sphere spectrometer showing good agreement with theoretical predictions and confirming sharp scattering 
resonances at the cut-off-wavelengths of guided modes. 

 

40-word summary: 

Light trapping in guided modes of thin-film-silicon-on-silver waveguides is studied theoretically and 
experimentally due to scattering from a nanostrip. Strong scattering peaks found near cut-off-wavelengths 
of guided modes has perspectives for solar cell design. 

 



Ultrabroadband THz Spectroscopy of Water covering the 
collective water intermolecular vibrational bands 
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Abstract: Ultrabroadband THz spectroscopy (1-30 THz) of water was characterized by using two 
color induced air plasma terahertz setup together with free-standing water jet. The broad 
absorption bands near 6 THz and 22 THz caused by collective water inter-molecular vibrations 
were directly observed. 
 

Terahertz time domain spectroscopy is a powerful tool which can characterize a wide range of materials. 
In particular, many experiments have investigated the liquid structure and dynamics in water [1]–[4]; however, 
all of these experiments were performed either in reflection mode or in transmission through a sample cell. At 
frequencies above a few THz, window materials become increasingly opaque, and therefore it is advantageous 
to perform measurements without windows surrounding the liquid. 

In this paper, we present ultrabroadband THz spectroscopy (1-30 THz) of an ultrathin, free-standing film 
of water. The THz pulses are generated by two color induced plasma [5, 6] and detected by air based coherent 
detection method in air [7]. The free-standing water film flows along two thin metal wires separated by 4 mm 
[8], which is much larger than the THz spot size. Strong absorption bands caused by inter-molecular vibrations 
are observed near 6 THz and 22 THz. The measured refractive index and absorption coefficient are shown in 
Figs. 1 (a) and (b). We will discuss the properties of the water film and the importance of careful 
characterization of water film thickness for accurate spectroscopy in the multi-THz region. 

 
Fig. 1. (a) Absorption coefficient of water. (b) Refractive index of water.  
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Optical coherence microscopy with extended Depth-of-Focus

Felix Fleischhauer, Hinnerk Schulz-Hildebrand and Dr. Gereon Hüttmann, Institute of Biomedical 
Optics, University of Lübeck 

Abstract: 

We present an increased depth of focus (DOF) for high lateral resolution optical coherence 
tomography by using an axicon lens. The experimental result with a -nanoparticle-phantom 
show a twenty-time increased DOF compared to a Gaussian illumination. 

Introduction: 

Optical coherence tomography (OCT) is a non-contact imaging modality for reconstructing depth 
information of scattering samples. Conventional OCT systems have a lateral resolution of ~ 10-15 
μm by an axial resolution of 5-10μm. One main advantages of OCT is decoupling lateral and axial 
resolution. The useful imaging depth depends on the Rayleigh length and therefore on the 
numerical aperture (NA) used to focus the scanned beam [1].
To increase the imaging depth in OCT Leitgeb et al. [2] and Zappe et al. [3] successfully used an 
axicon lens. After passing the axicon, the intensity distribution of a planar wave front can be 
described by a first order Bessel function. This leads to a constant lateral width of the intensity 
distribution along the direction of propagation. Tearney et al. [4] demonstrated an increased 
imaging depth for OCT by removing the central part of a collimated Gaussian beam in order to 
produce a ring illumination. After focusing the ring into the sample, an increased imaging depth is 
generated. 

Measurements: 

The light of a Superlum BLM-S-840-B-I-20 was split evenly into reference and sample arm. The 
reference arm consisted of dispersion compensation and Schäfter and Kirchhoff collimator optics. 
In the sample arm we used separate illumination and detection pathways. In the illumination path, 
light from a Schäfter and Kirchhoff collimator passed a 5° Axicon (removable), a mirror (with a 
central hole 5 mm diameter), a lens (f=100mm), scanning optics (two lenses f=25, Thorlabs galvo 
scanners GVS102), a lens (f=50) and a Zeiss-microscopy objective (part # 440639) with a NA of 
0,45. The objective was moved over a range of 400 μm in z-direction by means of piezo actuator. 
The detection path used the central hole in the mirror to detect light scattered by the sample, which 
was then directed into a spectrometer of a modified Hyperion OCT device from Thorlabs.  

A sample with randomly distributed -molecules (smaller than 1 μm) in a polymer was 
measured in 0,5 μm steps over a range of 400 μm. In lateral direction the full width at half 
maximum (FWHM) of the PSF measured at one scattering particle positioned in different depths 
was compared. 

Results: 

Using a ring illumination the DOF was increased from 10 μm to 100 μm. By inserting the axicon a 
further increase to 200-300 μm was possible. 

Conclusion: 

The increase of lateral resolution leads to a decreased imaging depth, which destroys the benefit 
of Spectral domain OCT of measuring all depth information  at once compared to Time-domain 
OCT. By using an axicon lens or a ring illumination the imaging depth can be increased by 
obtaining high lateral resolution.
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Nanoscale aluminum dimples for light-trapping in organic thin-films 

Authors and affiliation: 

Goszczak A. J., Adam J., Cielecki P., Fiutowski J., Rubahn H.G., Madsen M. 

Mads Clausen Institute, University of Southern Denmark, Alsion 2, Sønderborg, Denmark 

Integration of nanostructures in organic solar cells (OSCs) has been investigated intensively in the past few 
years as an alternative way for enhancing the power conversion efficiency of the devices. Incorporating 
structured electrodes in the solar cell architecture holds potential for light absorption improvement in the 
active layer of the devices. A prospective, cheap and large-scale compatible method for structuring the 
electrodes in OSCs arises by the use of anodic aluminum oxide (AAO) membranes. 

In the present work, aluminum films of high purity and low roughness are formed via e-beam evaporation 
of a few nanometers of aluminum followed by a micrometer layer of aluminum formed via sputter 
deposition. The samples are then anodized to form nano-scale pores of controlled sizes. The anodization of 
the prepared samples occurs in an electrochemical cell in H2SO4, H2C2O4 and H3PO4 solutions. Electrolyte 
solution variation and anodization parameters (sample temperature, voltage) control, allows for AAO pore 
diameter and interpore distance tuning. The fabricated AAO is selectively etched in H2CrO4/H3PO4 mixtures, 
in order to reveal the underlying aluminum nanoscale dimples, which are present at the bottom of the 
pores.  

For the characterization of their light-trapping properties, the dimples are covered with a thin layer of 
PMMA, and the impact from different dimple dimensions is investigated experimentally via laser ablation 
based measurements of the field enhancement, which is compared to FDTD calculations to further explain 
the mechanisms of light-trapping in these structures. These dimples can potentially serve as 
nanostructured electrodes in P3HT/PCBM bulk heterojunction organic solar cells. 



Initial investigations of an upconversion module for remote gas 
sensing in collaboration with DLR 

Lasse Høgstedt1, Peter Tidemand-Lichtenberg1, Jeppe Seidelin Dam1, Christian Pedersen1, Andreas Fix2 

1 Technical University of Denmark, Department of Photonics Engineering 
2 Deutche Luft und Raumfart, Institute of Atmospheric Physics, Oberpfaffenhofen 

Together with the German aerospace center (DLR) we have performed preliminary tests of an upconversion 
detector together with their OPO system at near-infrared wavelengths. The tests cover stability, 
compatibility issues, signal-to-noise ratio and spectral distribution of the noise and the signals. There are 
still challenges to be solved, i.e. matching of the field of view of the upconverter compared to the telescope 
system, but the first steps are taken in the collaboration to make an upconversion based back scatter gas 
sensing system. 

Figur 1: Single oscilloscope trace of the detected signals. Difference in pulse width is due to the temporal response of the detectors. 
Note that the first peak in the InGaAs trace is scattering light separated from the signal in time by an optical fiber. 

Figur 2: Spectral measurements over the full sweeping range of the OSA. All the three wave mixing components are present at 634 
nm, 1064 nm and 1572 nm. Background, signal and signal with background are all displayed. 



Low concentration trichlorethylen sensing at 10.7 μm using upconversion 

Rasmus Lyngbye Pedersen1, Jeppe Seidelin Dam1, Christian Pedersen1, Mette Christophersen2, Mads 
Terkelsen3, and Peter Tidemand-Lichtenberg1, 

1 DTU Fotonik, Technical University of Denmark, DK-4000 Roskilde, Denmark 
2 Rambøll, Lysholt Allé 6, DK-7100 Vejle, Denmark 

3 Capital Region of Denmark, Kongens Vænge 2, DK-3400 Hillerød 

We present work in progress on upconversion long wave spectroscopy for gas sensing applications. We 
present preliminary results on a setup consisting of a tunable Quantum cascaded laser system in the 9 to 12 
μm range, a 36 m long Herriot cell, combined with an upconversion system for low noise conversion of the 
long wave infrared signal to the near infrared region for detection using standard Si-based detectors. The 
system is designed for the detection of chemical compounds like trichlorethylen and tetrachlorethylen. The 
project is a joint project with Rambøll and DTU Fotonik funded by the Capital Region of Denmark. 

Figur 1 

Trichloretylen has significant absorption lines in the 10-12 μm range, see figure 1. 
The amount of trichloretylen will be measured as an absorption (see figure 2): 

Figur 2. 

This figure shows the three key components for the system: A light source, the 
multi-pass cell and the upconversion based detector and computer for signal 
analysis and control. 
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Topology optimized silicon photonic components for mode division multiplexing circuits

Louise F. Frellsen1, Yunhong Ding1, Yuriy Elesin2, Ole Sigmund2, and Lars H. Frandsen1
1DTU Fotonik, Department of Photonics Engineering, Technical University of Denmark, DK 2800 Lyngby, Denmark
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A photonic wire mode converter is designed using 2D topology optimization, fabricated in silicon on insulator material
and optically characterized. The design principle is extended for designing an efficient two mode photonic wire (de )
multiplexer with world record breaking ultra compact footprint.

In order to support the constantly increasing internet traffic demand, interest is being shown in the
possibility of exploiting mode division multiplexing (MDM) in future optical communication networks [1].
The key component for realizing on chip MDM is an efficient mode (de)multiplexer. Multiple approaches
have been taken in research of such device [2], [3]. For integrated circuits, a small footprint of the
component designs may be essential; such
can be obtained by using the powerful
inverse design tool topology optimization
(TO) [4]. As an initial step, a 2D design was
explored to realize a mode converter
transforming a fundamental transverse
electric even (TE0) mode of a silicon photonic
wire (PhW) into a first order odd mode (TE1).
This design was fabricated in silicon on
insulator material through electron beam lithography. Mode profiles of the converted signals were
recorded using vertical grating couplers and an infrared camera and confirmed the conversion, see Figure 1.
Although functionality remained in characterization, it was found that 3D optimization is necessary to
obtain optimum mode conversion efficiency for the fabricated structure; this is in line with previous
conclusions working with photonic crystals [5].

As a next step, we proceeded to design a PhW mode (de ) multiplexer which multiplexes two TE0 modes
onto a PhW supporting the TE0 and the TE1 modes, i.e. one TE0 channel is converted to the TE1 mode. A
minimal device footprint allowing for mode multiplexing with low loss and low crosstalk has been

investigated through 2D and 3D TO.
Designs exhibiting extinction ratios
of 17.9 dB, losses as low as 0.6 dB and
a 3dB bandwidth of 502 nm with ultra
compact footprints of 4 μm x 3 μm
were obtained, see Figure 2.

The designs are currently in fabrication
and will be characterized in the near
future. We believe that the TO method
can readily be extended to work with a
higher number of modes for high
capacity MDM circuits.
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conversion in a photonic crystal waveguide fabricated in silicon on insulator material," Opt. Express, vol. 22, no. 7,
2014.

Figure 1 Left: Simulated 3D mode profile overlaid on an SEM image of
the fabricated structure. Right: Mode profile of the fabricated structure.

Figure 2 The topology optimized structure for the (de )multiplexer with
simulations of the 3D field in the two arms. The TE0 mode is illustrated in the
green orange scale and the TE1 mode in the yellow blue scale.
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Abstract 

We demonstrate a concept for visible laser sources based on sum-frequency generation of beam 

combined tapered diode lasers. In this specific case, a 1.7 W sum-frequency generated green laser at 

509 nm is obtained. 

  



Summary 

We demonstrate a concept for visible laser sources based on sum-frequency generation of beam 

combined tapered diode lasers. In this specific case, a 1.7 W sum-frequency generated green laser at 

509 nm is obtained, by frequency adding of 6.17 W from a 978 nm tapered diode laser with 8.06 W 

from a 1063 nm tapered diode laser, inside a periodically poled MgO doped lithium niobate crystal. 

This corresponds to an optical to optical conversion efficiency of 12.1 %. As an example of 

potential applications, the generated nearly diffraction-limited green light is used for pumping a 

Ti:sapphire laser, thus demonstrating good beam quality and power stability. The maximum output 

powers achieved when pumping the Ti:sapphire laser are 226 mW (CW) and 185 mW (mode-

locked) at 1.7 W green pump power. The optical spectrum emitted by the mode-locked Ti:sapphire 

laser shows a spectral width of about 54 nm (FWHM), indicating less than 20 fs pulse width.  

 

Fig. 1. Setup for spectral beam combining of DBR-tapered diode lasers with subsequent sum-frequency generation. 

Our study shows a concept for generation of laser light based on sum frequency generation between 

tapered diode lasers with different wavelengths. The advantage of this concept is the capability of 

efficiently producing diffraction limited light at a desired wavelength and with relatively high 

emission power. Such light sources could advantageously be introduced in different optical systems 

where either high power at a specific wavelength is needed or in systems where the reduction of 

cost and footprint would be advantageous. 
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Title: Gas cells based on Hollow Core Fiber Technology 

 

Abstract: 

The aim of this project is to realize a versatile and compact optical frequency standard. The technology 
involves the realization of non-conventional cell based on gas-filled hollow core photonic crystal fibers. All 
the aspects have been considered, from fiber design to the cell assembly. Results from a first prototype are 
presented. 

 

Project Summary: 

This project is part of an ITN European Marie-Curie project called “QTea”, which involves several 
university/companies from all over Europe, with the aim to exploit the quantum technology beyond the 
state-of-art, from the gravitational sensing to the optical clock/meter standard development. 

The project itself is involving two PhD students and two different industries coordinated by DTU Fotonik 
department. NKT Photonics is providing the infrastructure to design and draw the hollow-core fibers, as 
well as the knowledge and skills for the performance evaluation of the fibers behavior. Dansk Fundamental 
Metrologiinstitut (DFM) is providing the facilities and knowledge related to the spectroscopy in hollow core 
fibers. 

In order to achieve the wanted results, the unique property of hollow core fiber to propagate the light in 
diffraction-less fashion over several meters is exploited to realize laser frequency-locking using saturated 
absorption spectroscopy techniques. After an accurate evaluation of the performance of different fibers, 
using both experimental testing and simulations, a first prototype has been assembled using acetylene 
molecules. 

The acetylene gas has been chosen because of a well known absorption line in the IR region (1542nm) close 
to the telecommunication wavelength (1550nm). The portable system has been compared with a 
conventional gas cell filled with acetylene and the results show an accuracy of the frequency within 5kHz 
and an average frequency instability of 5E-11 in the 1-1000s sampling time. The fiber characterization in 
correlation with the frequency response is also presented as part of the performance evaluation study. 

 

 



Title:  
Low Noise Multiphoton Microscope 

Abstract: 
To accurately diagnose cancer using fast high-resolution imaging, the EU-project FAMOS aims for 
a compact, versatile and cost-effective system combining several modalities into one platform. The 
modalities include a multiphoton microscope based on a low-noise lasersource, which will be 
presented. 

 

Best Regards, 

Mathias Christensen 

Photonics student at DTU 

 



Interferometric method for modal content characterization in optical fibers 
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Abstract:  In this contribution we present an interferometric-based experimental technique for the modal 
content characterization of an optical fiber that identifies key characteristics such as the modal weight, 
relative group delay, and dispersion of all guided modes in the fiber.   

The study of Higher-order modes (HOMs) has recently attracted great attention in many research areas.  
HOMs are used in diverse applications: to enhance the performance of the fiber amplifiers, as an approach 
for dispersion compensation, and as an additional degree of freedom for data transmission, where they can 
be used as an individual communication channel. However, no matter in what area HOMs are applied, 
there is always the need for a reliable tool for mode analysis that would be able to determine with high 
accuracy the modal content in the fiber.  

The interferometric-based method, presented in this contribution, experimentally reveals the modal 
content of the fiber by specifically determining the modal weight, relative group delay, and dispersion of all 
guided modes without prior knowledge of the fiber properties. This technique is an effective diagnostic tool 
for determining the modal content of the optical fibers.  

The experimental setup is based on Mach-Zehnder interferometer where a unit of microbend gratings for 
HOMs excitation is placed in its test arm and a delay line for the optical path adjustment is placed in its 
reference arm (Fig.1). SMF28 was used as the fiber under test (FUT) during measurements. Interference 
from both interferometer paths is recorded as a stack of images by a CCD camera and analyzed in order to 
extract the cross-correlated traces between the reference field and the fields of every mode presented in 
the fiber.     

 

 
 
 
 
 
 
 
 
 
 
 
Figure 1. Schematic representation of the experimental setup: FUT – fiber under test, RF – reference fiber, L 
– collimating lens, P – polarizer, HWP – half-wave plate, BS – beam splitter, PC – personal computer. 
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Raman scattering in fiber-based parametric
processes
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Abstract: Fiber parametric processes enable low-noise optical amplification and quantum
state-preserving frequency conversion; however, Raman scattering contaminates the processes.
We quantify the Raman quantum noise contribution to parametric processes.

Fiber parametric processes have promising applications in future optical communication systems: sub-quantum limit
phase-sensitive parametric amplification (PA) has been demonstrated [1]; quantum state-preserving frequency con-
version (FC) has been predicted [2]; and spontaneous generation of entangled photon pairs has been investigated
[3]. However, since the four-wave mixing process is contaminated by Raman scattering (RS) and loss in silica and
chalcogenide waveguides, a good theoretical understanding of these effects is important, which approximate analytic
quantum approaches do not yet give.

Degenerate PA and FC, see Fig. 1(a), is modeled classically including Raman scattering with the nonlinear wave
equation, which must be solved with numerical tools to capture all physical effects such as nonlinear phase modulation,
intra-frequency energy transfer, higher order dispersion, and RS. It is possible to predict the quantum noise properties
of these processes by a semi-classical method [4], which also includes Raman induced quantum noise. The plot in Fig.
1(a) shows the stimulated (SRS) and spontaneous (SpRS) spectra of silica fibers, which is used to model the Raman
contribution at any wave, signal s or idler i, separated from the strong pumps, p or q. One must note that the SRS is
equal of magnitude but anti-symmetric around the pumps but that the SpRS is different on the Stokes and anti-Stokes
sides, respectively.

Figure 1(b) shows an example of a simulation of FC including RS; the top plot shows the conversion efficiency (CE)
(energy exchange among s and i), which grows due to energy contribution from the pumps through SRS. The bottom
plot of Fig. 1(b) shows the noise figure (NF) of the FC process, which is induced by SpRS in the points of maximum
CE. At the first point of maximum conversion, SpRS induces a NF of ∼ 2.5 dB at 300 K.

We conclude that SRS and SpRS have large impacts on parametric processes in silica fibers.
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Fig. 1: (a) Top: frequency configurations of (i) degenerate parametric amplification and (ii) parametric frequency conversion.

Bottom: SRS and SpRS sepctra for silica fibers on Stokes and anti-Stokes sides. (b) CE (top) and NF (bottom) for parametric

frequency conversion including SRS and SpRS.
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The photophysics of luminescence in multilayered organic nanofibers 
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Periodic deposition of para-hexaphenyl (p6P) and -sexithiophene (6T) molecules on a muscovite mica 

substrate by hot wall epitaxy results in multilayered, crystalline nanofibers. By varying the relative thicknesses 

of the constituent materials, the fluorescence spectrum can be tuned within the red, green, and blue spectral 

range [1, 2]. Illumination of the multilayered nanofiber sample with UV light (3.8 eV photon energy) directly 

excites fluorescence from the p6P layers, while the 6T layers emit light due to sensitization from the excited 

p6P [2]. Illumination with blue light (2.5 eV photon energy), which is below the optical gap of p6P, excites 

photoluminescence (PL) only from the 6T layers [3]. Here, we probe the energy transfer and exciton 

recombination characteristics by temperature dependent PL spectroscopy using either 3.8 eV or 2.5 eV 

photons for stimulating the p6P or 6T layers, respectively. While the p6P quantum yield decreases by an order 

of magnitude between 6 K and 293 K, the 6T monolayer emission exhibits much weaker temperature 

dependence. We tentatively attribute this to the fact that crystalline p6P layers are H aggregates while the 

ultrathin 6T layers have a radically different aggregation state (most presumably J aggregates). The ratio 

between emission intensity of the sensitized and directly excited 6T monolayer increases by around 40% when 

increasing the temperature from 6 K to 293 K due to enhanced energy transfer from p6P to the 6T monolayer. 

To further elucidate the exciton dynamics, we have used temperature-dependent, time-resolved PL 

spectroscopy that can provide quantitative data on the exciton diffusion and energy transfer processes. This 



improved understanding of the photophysics in organic heterocrystals can aid in the development of new 

nanomaterials with desired optical properties. 

 

1 C. Simbrunner et al. ACS Nano 4, 6244 (2010) 
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Laser-induced charge separation in organic nanofibers 
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Organic semiconductors have unique properties that can be tailored via synthetic chemistry for specific 

applications, which combined with their low price and straight-forward processing over large areas make them 

interesting materials for future devices. Certain oligomers can self-assemble into crystalline nanofibers by 

vapor deposition onto muscovite mica substrates, and we have recently shown that such nanofibers can be 

transferred to different substrates by roll-printing and used as the active material in e.g. organic field-effect 

transistors (OFETs), organic light-emitting transistors (OLETs), and organic phototransistors (OPTs). However, 

several device-related issues incl. charge-separation and local band structure remain poorly understood. In this 

work, we use electrostatic force microscopy (EFM) combined with optical microscopy to study the local surface 

charge of an individual organic nanofiber upon illumination with a focused laser beam. Under local illumination 

electron-hole pairs are generated resulting in positive charge accumulation along the entire nanofiber due to 

the redistribution of the holes, while the electrons presumably migrate into the substrate. This is in agreement 

with the transport characteristics that show these nanofibers form p-type FET devices. Our current efforts are 

focused on nanofiber-based transistor devices using scanning photocurrent imaging (SPI) to study the local 

electronic band structure along the channel and at the contacts. 



TRIPOD  
Training and Research in Polymer Optical Devices 
Hafeez Ul Hassan; Getinet Woyessa, Denis Ganziy 

Introduction: 
TRIPOD is a Marie Curie Initial Training Network located in the field of optical fibre sensors - an area where Europe has developed internationally 

competitive research and commercial activity. The aim is to significantly extend the range of application of optical fibre grating sensors by 
developing a mature version of the technology in polymer optical fibres and thereby increase European competitiveness. 

 
Motivation: 

 
 

Polymer fibres offer some key advantages over silica, the two most important perhaps being the ability to sense much higher strains and the 
considerably reduced stiffness of the plastic compared to the glass fibre. Polymers are however complex materials and the properties of a sensor in 

this material are dependent on all stages of the sensor fabrication process, from initial preform production, through fibre drawing to grating 
fabrication. 

 

Goals and Objectives: 
 

In TRIPOD we have brought together an interdisciplinary scientific team with expertise covering all aspects of the sensor fabrication path to enable 
us to obtain a full understanding of the process, with the aim of enabling us to produce optimised grating sensors, efficiently, repeatably and 

reliably. Integral to the programme are end-user companies who will provide direction on sensor development and training to the researchers on 
business issues, as well as familiarising themselves with the new technology, enabling them to expand their business models. In addition, we include 

technology innovators to open up further applications and potential markets. 
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Abstract: High average power mid-infrared supercontinuum spanning from 1.7 to 7.5 m is generated in an 
18 cm suspended core chalcogenide fiber with a core diameter of 4.5 m. Experiments are in good 
agreement with simulations.  
 
The mid-infrared spectral region is of great interest because virtually all organic compounds display 
distinctive spectral fingerprints  herein that reveal chemical information about them [1], and the mid-
infrared region is therefore of key importance to many applications, including food quality control [2], gas 
sensing  [3] and medical diagnostics  [4]. 
We have used a low-loss suspended core As38Se62 fiber with core diameter of 4.5 m and a zero-dispersion 
wavelength of 3.5 m to generate mid-infrared supercontinuum by pumping with an optical parametric 
amplifier delivering 320 fs pulses with a peak power of ~5.5 kW at a repetition rate of 21 MHz at different 
wavelengths from 3.3 to 4.7 m. By pumping at 4.4 m with a peak power of 5.2 kW coupled to the fiber a 
supercontinuum spanning from 1.7 to 7.5 m with an average output power of 15.6 mW was obtained. 
Figure 1 shows the results obtained when pumping at to 3.5 m.  
We have recently demonstrated a record-breaking supercontinuum spanning from 1.4-13.3 m in a step-
index chalcogenide fiber [5]. The results in this presentation are however to our knowledge the first 
reported supercontinuum generated beyond 6 m in a chalcogenide microstructured optical fiber.  
 

 
Figure 1: Comparison between experiments and simulations (5 ensamble average) for three different input powers pumped at 
3.5 m. Bottom: numerical spectral evolution in the fiber as a function of the fiber length. Top: Numerical (black) and 
experimental (red) spectrum after 18 of fiber. 
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