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Novel THz Applications from Bio-imaging to Signal Processing
A. Mazhorova, M. Clerici, R. Naccache, M. K. Mridha, L. Razzari, F. Vetrone
and R. Morandotti

SIS/MI6, Vauxhall Cross, London SE1 1B, UK
IL-’\*'RS—E.M}': 1650, Blvd. Lionel-Boulet, Varennes, Quebec JSX 152, Canada
ISchool of Engineering& Physical Sciences, Heriot Watt University, Edinburgh EH 14 4AS, UK
morandotti@emt.inrs.ca

During the past decade, various Terahertz technologies were successfully implemented in THz
sensing and imaging for chemical, biological, biomedical and other interdisciplinary study.
We demonstrate an active two-wire waveguide by generating a THz electric field directly
within the guiding structure. By integrating a polymer Bragg grating with the two-wire
waveguide, we demonstrate efficient THz frequency filtering with a notch of 23 dB and a
linewidth of 16 GHz [1]. Such a combination of active wave guiding and frequency filtering
may open up new perspectives for generating THz pulses with desired pulse shapes and
spectra while making the proposed configuration extremely versatile.

Furthermore, the rapid ascent of nanoscience has garnered significant attention in recent
years. Much of the interest generated has dealt with the use of Gold Nanorods (GNRs) in
imaging and therapeutics. GNRs show a surface plasmon resonance (SPR) following the
excitation with an appropriate irradiation source. A fascinating by-product of SPRs is a
localized temperature increase, which can be used to heat the interstitial waters and induce
hyperthermia in cells. We study the use of THz waves for temperature sensing and imaging in
vitro, given the sensitivity of the THz waves to changes in the absorption and the refractive
indices of water and other aqueous media. We have shown that THz waves can be used for
temperature sensing in the biological temperature window of 25-60 °C (Fig. 1). Combined
with sensitive imaging capacities, and localized plasmonic heating, the proposed technique
can be further extended to applications in skin cancer therapy.
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Fig. 1. Terahertz reflection map of (a) digital image photograph of the actual sample of pig skin injected with
GNRs. The red ellipse marks the injection site in the skin while the dashed lines mark the imaged area, (b)
thermal image map obtained following image subtraction showing a 7 °C localized temperature rise at the
injection site (17 W/em® power density) and (c) thermal image map obtained following image subtraction

showing a 16 °C localized temperature rise at the injection site (38 W/em? power density).
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M. Peccianti, C. Reimer, M. Ferrera, L. Razzari, F. Vidal and R. Morandotti “Active terahertz
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Corner-induced electron distribution and optical absorption in
polygonal nanorings

Anna Sitek!'?, Vidar Gudmundsson', and Andrei Manolescu?

1. Science Institute, University of Iceland, Dunhaga 3, IS-107 Reykjavik, Iceland
2. Department of Theoretical Physics, Wroclaw University of Technology, Wybrzeze
Wyspianskiego 27, 50-370 Wroclaw, Poland
3. School of Science and Engineering, Reykjavik University, Menntavegur 1, IS-101
Reykjavik, Iceland

We present a theoretical study of polygonal nanorings which experimentally correspond to
short core-shell nanowires. We show how the geometry of the ring determines the electronic
energy spectrum, and also the localization of wave functions within the rings, with
consequences on the optical absorption. We analyse symmetric rings with sharp or soft
corners, as well as non-symmetric rings. Regular polygonal samples induce multiple
degeneracies depending on the number of corners, whereas the states of non-symmetric
samples are usually only spin degenerated. The corners always attract the lowest-energy
electrons such that for every ring a number of states equal to twice the number of corners is
localized only within corner areas. Higher energy states may be completely localized over the
side areas or distributed between sides and corners. Interesting features occur for samples
with smooth corners which allow more complex localization effects. For example, in such a
triangular ring one can obtain three localization peaks within the corner areas corresponding
to the lowest energy levels which split into six peaks still localized at the corners for a higher
energy. In order to make connections with possible experiments we calculate the optical
absorption coefficient, which is governed by dipole elements dependent on wave functions.
We show that optical absorption strongly depends on the sample geometry combined with the
light polarization. We also show how the transitions can be controlled by an external electric
field which not only changes absorption intensity but also 'opens' some and 'closes' other

transitions.

The author acknowledges support from MPNS COST ACTION MP1204 - TERA-MIR

Radiation: Materials, Generation, Detection and Applications.
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Transient Terahertz Conductivity in Nanoscaled Systems

Hynek Némec and Petr KuZel

Institute of Physics, The Czech Academy of Sciences, Na Slovance 2, Prague, Czech Republic
nemec@jzu.cz

Ultrafast photoconductivity and charge carrier transport in nanostructured semiconductors is
poorly understood on the microscopic level in many systems. Terahertz spectroscopy
constitutes a suitable method to probe nanoscopic motion of charges with a sub-picosecond
time resolution and without need to deposit electrical contacts. However, straightforward
fitting of the raw terahertz conductivity spectra by the Drude-Smith model, which was
abundantly used in the literature, did not lead to a significant advance in an in-depth
understanding of these phenomena. Instead, two major effects need to be accounted for in the
analysis of measured terahertz conductivity spectra: (i) interaction of mobile charges with
nanoparticles boundary, and (ii) screening of the incident terahertz pulse by depolarization
fields. In this contribution, we will discuss the microscopic description of these processes.
The response of charges to the local electric field is calculated by Monte-Carlo simulations of
quasi-classical carrier thermal motion [1] which involve parameters like nanoparticle size or
coupling between nanoparticles. The depolarization fields are accounted for using effective
medium approximation: we show that for most nanostructures only the percolation degree is
important whereas further details of the morphology play only a minor role [2].

We will demonstrate the power of terahertz spectroscopy by investigations of various
materials, which include Si nanocrystals prepared by thermal decomposition of Si-rich layers
(Fig. 1), MOVPE-grown InP nanowires, or Si nanocrystals prepared by electrochemical
etching of silicon wafer [3]. In the analysis, the scaling of the effective conductivity with
excitation intensity provides information on the percolation degree whereas parameters of
charge transport can be determined from the spectrum at the low excitation intensities.

0‘8_ ® 5.8x10'* photons/cn? Real Figure 1: Silicon nanocrystals prepared by thermal
0.6 Y 12x10' photons/cn? decomposition of Si0,/SiOgss superlattices: spectra of
L & 3.6x10'? photons/ci? . QQA’ effective transient conductivity normalized by charge
~ 04 9.0x10'2 photons/cm? > density [Acnom = Ac/(eonexc); Ao is effective transient
- I conductivity, nex 1s excitation density)]. The decrease of
NZ 0.2 AGrorm With increasing excitation intensity shows that the
E’/E 0 | nanocrystals do not form a long-range percolation
bé @ QQQC—)-OOOOOOQOO network. T.he. pronounged in-crease of the real part With
< ook xgi%\;v‘::v—————g@e@eoeo frequency is 1ncompat1ble.W1th the'3.5—nm average size
‘O\QXY 6?71-&:'_*(—,__? - of nanocrystals observed in TEM images, but it points
-0.4F R~ MV ogn v out to the existence of 40-nm sized mutually isolated
Imaginary \”\?’TQQ’*%O? o9 clusters of nanocrystals. Symbols: measured data; lines:
06— O' . 0'8 ' 1'2 ' 1' . é ' 2' , global fit with three adjustable parameters (cluster size,
Frequency (THz) fraction of nanocrystals in clusters, and percolation

References strength).

[1] H. Némec et al., Phys. Rev. B79, 115309 (2009)

[2] H. Némec et al., IEEE T. THz. Science Technol. 3, 302 (2013).

[3] C.S. Ponseca et al., Phys. Rev. B 90, 085405 (2014); V. Zajac et al., New J. Phys 16,
093013 (2014); H. Némec et al., Charge transport in silicon nanocrystal superlattices in
the terahertz regime, submitted to Phys. Rev. B.
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Measuring terahertz conductivity of resonant carbon microfibers
through aperture-based near-field spectroscopy

I. Khromova', O. Mitrofanov', M. Navarro-Cia'2, I. Brener, J. Reno’, A. Ponomarev
! University College London, L.ondon, UK
2 Imperial College London, .ondon, UK
3 Sandia National Laboratory, Albuquerque, USA
4 STC of Applied Nanotechnologies, St. Petersburg, Russia
i.khromova@ucl.ac.uk
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Carbon micro- and nanostructures are promising building blocks for functional terahertz
(THz) materials [1,2]. We performed near-field time-domain spectroscopy on individual
carbon microfibres (CMFs) to verify the presence of strong plasmonic resonances at THz
frequencies. These plasma-chemically treated microfibres are 7 pm in diametre and their
lengths vary from 10 pum to 150 um. Fig.1 shows: (a) a SEM image of the CMFs, and (b) a
space-time THz near-field map and (c) an image of a 1 33um-long CMF.
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We observed a strong dependence of the resonant field enhancement on the distance to the
subwavelength aperture of the THz detector. It allowed us to extract information about the
THz conductivity of the measured CMFs. Its value lies very close to the condition of
maximum absorption to scattering relation (appr. 10* S).

We used semi-analytical models to predict the usability of CMFs for efficient THz absorbers
with engineerable response. Combining the effective medium approximation with a simple
dipole antenna model, we numerically obtained scattering and absorption characteristics of
composites containing CMFs with given lengths distributions.

We experimentally studied the THz response of thin pellets of high density polyethylene
(HDPE) with arbitrarily oriented and differently sized CMF inclusions. These samples
demonstrated a clearly resonant behaviour: broad absorption peaks at around 1.5 THz indicate
the presence of size effects distributed over lengths of CMFs in each sample. With artificialy
created distribution of lengths, CMF-based composites may be designed according to
desirable absorption profiles. This simlpe and inexpensive technique may, in particular, be
used to achieve tlat absorption at THz frequencies.
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The "one-way” propagation of light is usually achieved with the help of either ferrites biased with
an external applied magnetic field [1] or with nonlinear elements. This effect has important
applications in the realization of optical isolators and generally requires a broken time-reversal
symmetry [1]. In this work, we theoretically propose a new paradigm for optical isolation with a
fruncated photonic crystal formed by nonreciprocal topological insulators [2] combined with a
reciprocal chiral slab [see Fig. la]. Importantly, antiferromagnetic topological insulators may
naturally break the time-reversal symmetry and thus a nonreciprocal response may be obtained
without any form of external biasing [2]. As seen in Fig. 1b. by combining nonreciprocal elements
modeled by the magneto-electric parameter x =0.2 [3] and a chiral slab [4] it may be possible to
have a nearly perfect opfical isolation, such that for @//c=~3.41 the wave propagation is only
allowed for right circularly polarized (RCP) incoming waves propagating along the +z-direction,
while it is strongly suppressed for all right-to-left incoming waves.

(a) d. (b)
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Figure 1 (a) Truncated nonreciprocal photonic crystal juxtaposed to a chiral slab. (b) Transmissivity as a
function of the normalized frequency for an incoming circularly polarized plane wave. The superscript R
(L) indicates that the incoming wave propagates from the right to the left (left to the right). whereas the
subscript RCP (LCP) indicates if the wave is right (left) circularly polarized. The constitutive parameters
are taken equal to & = =4, =,=1. & =6.6,=8 and x£=0.2. and the thicknesses are chosen as

d,=d,=02Il.d;=0.6/ and d, =1/. The truncated crystal is formed by ¥ =8 cells.
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During the last years mid-infrared semiconductor lasers have continuously increased
their application range, including gas sensing for detection and control of the presence and
concentration of harmful gases like CO2, SOx and NH3. The so-called interband cascade lasers
(ICLs) based on GaSb are able to cover spectral ranges between 2 and 6 pm. In order to
extend the region of interest to longer wavelengths indium arsenide substrates are required
[1]. Furthermore, a InAs/AlSb superlattice cladding region, based on index-guiding method,
well-liked in GaSb-ICLs, is no longer suitable due to stronger absorption in mid and far-
infrared, thus it is replaced by a highly doped InAs layer. This plasmon-enhanced waveguide
approach reduces cladding thickness that leads to enhanced heat dissipation and shorter
growth time. In order to precisely control and optimize the doping of the cladding layers to
minimize the threshold gain of ICLs, it is very helpful to have a measurement method of the
carrier concentration. It has been already reported that by means of reflectance measurements
the identification of a minimum in the spectrum near the plasma frequency, i.e. the so-called
plasma-edge, allows for the estimation of carrier concentration through the Berreman effect
[2]. Although this method provides a dielectric response in a quantitative manner, it is
generally difficult to analyze the spectra if the structure is multi-layered. A novel approach to

carrier concentration’s determination is  fast

Wavelength (um) differential reflectivity (FDR) [3].
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plasma-edge in vastly reach spectrum, whilst FDR
technique provides direct information through
resonance corresponding to a Berreman minimum. As a result, there is no polarizer
requirement. Furthermore, FDR is a non-destructive technique with average measurement
time as short as 1 min, which makes it suitable for in-situ measurements or industrial scale
testing. FDR measurements were performed on a set of samples, including highly doped InAs
layers and ICL structures, employing an FTIR-spectrometer-based setup. The figure presents
exemplary polarization-resolved FDR spectra. A feature corresponding to indium arsenide
fundamental energy gap is observed, while the line at around 1200 cm™ is to be understood as
the plasma-edge.

[1] Z. Tian et al., Electronics Letters 48 (2012)

[2] R. T. Hinkey et al., Journal of Applied Physics 110, 043113 (2011)

[3] M. Motyka et al., Appl. Phys. Express 3, 112401 (2010
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Dielectric Metamaterials for the Terahertz Range
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Metamaterials (MMs) are man-made structures exhibiting electromagnetic properties not
found in nature, such as negative indices of refraction. Realization of MM operating at
terahertz (THz) frequencies has been an issue for the last few years. In our work, we focus on
dielectric MMs.

In high-permittivity materials such as SrTiOs rods [1] and TiO> microspheres [2], a negative
effective permeability related to Mie resonances can be reached in the THz range. Usually the
comparison of the THz transmission spectra with the simulated MM response of the structure
is considered as a sufficient proof of their MM behavior. We will present an alternative
experimental method permitting to retrieve both the effective permittivity and permeability of
a dielectric MM. We place a thin layer of the MM between two thick sapphire slabs. The
shape of the THz pulses passing directly through the structure enables us to evaluate the
complex transmittance of the MM while the delayed one, coming from reflections on the
sapphire/MM interfaces, also includes information about the reflectance of the MM. Thanks
to this approach we are able to simultaneously measure the complex transmittance and
reflectance of a thin layer of dielectric MM. Its effective permittivity and permeability can
then be retrieved using the procedure described in [3].

We will also introduce our progress in realizing tunable MMs for the THz range. Our
approach relies on SrTiOs thin films epitaxially grown on DyScOs substates. Thanks to the
tensile strain induced by the lattice mismatch with the substrate, the ferroelectric phase
transition in SrTiOsz thin films occurs near room temperature (RT). Thus, the electric
tunability of these films is highly enhanced compared to that of bulk SrTiO; [4,5]. On top of
them, we plan to deposit sub-wavelength structures designed to exhibit a MM resonance in
the THz range and to enable tuning of the film properties by applied electric field.
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In this paper, a high gain and broadband rectangular patch antenna using coupled fishnet
based metamaterial (MTM) topology for THz frequencies is analyzed. Based on a classical
patch antenna, a planar left- handed MTM is used as a ground plane in the proposed design
[1][2]. The simulations have been done by a 3D electromagnetic simulator based on finite
integration technique. Fig. 1 shows the structure with its dimensions. The metallic parts are
assigned as silver with a thickness of 5 um and they are placed on top and bottom sides of a
quartz substrate with a thickness of 10 um. The directivity and gain are found as 6.57 dB and
3.78 dB, respectively. Since the increased carrier frequency promises higher data rates and
channel capacity, the next generation communication systems will possibly focus on THz
region. Therefore, the proposed design (antenna with MTM) can find a place in new
generation wireless THz and satellite communication systems [3]. Simulation results for the
return loss (S11) and far field gain of proposed antenna are shown in Figs. 2 and 3,
respectively. According to the return loss, the main resonance occurs at 1.088 THz with -
57.391dB and VSWR of 1.003. It can be inferred from the results that proposed antenna
provides ultra-wide bandwidth as seen from the results.
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Fig. 1. The proposed structure with dimensions (front and back respectively), wqg=212, 1¢=180,
wp=152, 1,=92, g=10, y=39, w=24, k=82, s=66, wy=43.5, a=29.5.
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Fig. 2. Return loss versus frequency Fig. 3 Far field gain
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An optical frequency comb (OFC) generator emits coherent broadband light, whose spectrum
consists of a large number of discrete, equidistant lines. Mid-infrared OFCs are needed
especially in molecular spectroscopy [1].

In our conference contribution, we discuss a new versatile method for mid-infrared OFC
generation. This method, which is called CASCHI comb, is based on cascaded quadratic
nonlinearities (CQNs) in a nonlinear optical crystal, such as lithium niobate or gallium
arsenide [2]. These CQNs mimic third order optical nonlinear effects, hence leading to
effective four-wave mixing and frequency comb formation when pumped with a continuous-
wave (cw) laser. Our solution utilizes a cw-pumped optical parametric oscillator, which
inherently transfers the OFC from near-infrared to the mid-infrared region [2]. Figure 1 shows
example spectra of our tunable mid-infrared OFC generator. The total output power is several
watts, and the power per comb mode is record high, ~1 mW.

Optical power (a.u.)
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Fig. 1. Tuning of the CASCHI comb from 3 to 3.4 um. Only the envelope spectra are shown —
the spectra actually consist of equidistant laser lines, the line spacing being 208 MHz.
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Intervertebral discs
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Lower back pain affects millions of people worldwide, and has been linked to degenerative
changes in the intervertebral disc (IVD) of the spine. In the ‘NPmimetic’ project, a
multidisciplinary team has come together to develop a biomimetic nano-polymer based gel for
minimally invasive disc regeneration (http:/npmimetic.com/). An IVD is a chemically and
structurally very complex tissue. It consists primarily of a proteoglycan-water gel embedded
in a randomly arranged collagen II network, surrounded by highly ordered concentric collagen
I lamella. For a successful regeneration, tissue integrity together with the right mechanical
environment is essential for normal cell function. In order to develop suitable biomimetic
implants, a thorough characterisation profile, that can be used as an aspirational target is
important. In this study we use FTIR microscopic imaging in transflection mode to generate
infrared images of unstained paraffin embedded transverse cross-sections (~2.8 x 2.3 cm) of
control and in vivo CABC degenerated goat IVDs [1]. While mid-infrared images hold very
detailed intra- and intermolecular information, a major challenge is handling and analysing
such large and chemically complex data sets in order to extract meaningful information.
Using a multivariate curve resolution-alternating least squares algorithm (MCR-ALS, [2]) on
a reduced data matrix derived from principal component analysis (PCA) of 2nd derivative
infrared spectra, it is possible to deconvolute the highly overlapped infrared peaks into single
contributions of different molecular species at each pixel of the image.
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Figure 1: Extracted Mid-infrared distribution maps of major matrix components of an I[VD.

Here we describe the application of FTIR imaging with multivariate data analysis to
determine the structure of healthy and diseased IVDs, providing a more cost effective solution
to traditional (immuno)-histological staining methods typically employed.

We thank the European Union (NPMIMETIC ref 246351) for 7th Framework Programme
funding, and MPNS COST ACTION MP1204 - TERA-MIR Radiation: Materials, Generation,
Detection and Applications for their support.
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Optical feedback interferometry in THz quantum cascade lasers:
free carrier imaging and optical metamaterial response
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After reviewing the basics of self-mixing interferometry, I will present our recent results on a
novel contact-free method based on the use of THz quantum cascade lasers operating under
optical feedback to image in reflection mode the free electron plasma photogenerated onto a
semiconductor surface. Self-mixing interferometry is also used to demonstrate the possibility
to produce sub-wavelength patterns acting as metamaterials in semiconductors pumped by a
spatially modulated near-infrared beam.
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Terahertz (THz) radiation lies in the region of the electromagnetic spectrum, loosely defined as the 30-
300um wavelength region that is often called “THz gap”. Recent technological innovation in photonics and
nanotechnology is now enabling THz frequency research to be applied in an increasingly widespread range
of applications, such as information and communications technology, sensing, medical diagnostics, global
environmental monitoring, homeland security, and quality and process controls. Most of these applications
require systems with targeted sensitivity and specificity exploiting advanced quantum devices, novel
materials and technologies. To address the above application requirements, high power, widely tunable
sources with controlled and directional beam profiles, together with high-speed and high-sensitivity resonant
detectors need to be developed. This requires parallel developments in semiconductor materials and
heterostructures, including micro/nanostructuring and plasmonics, as well as related multifunctional THz
optical components.

The talk will provide an overview of our recent technological developments of Terahertz quantum cascade
lasers, from the development of quasi-crystal THz intersubband lasers,' to novel DFB concepts exploiting bi-
period feedback gratings to control the emission frequency and the output beam direction independently?®. A
final emphasis on our microcavity approaches for continuous tuning of THz QCL emission and waveguide
adapters for efficient THz radiation out-coupling * will be provided.
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Processing of AlGaAs/GaAs and InGaAs/InAlAs/InP semiconductor
structures for QC lasers

Anna Szerling', Kamil Kosiel', Michat Szymanski?, Maciej Kozubal', Marcin Mysliwiec!, Piotr
Prokaryn!, Renata Kruszka', Krystyna Gotaszewska', Karolina Pagowska', Artur Trajnerowicz', Piotr
Karbownik!, Mariusz Pluska', Adam taszcz', Anna Piotrowska'

Steven Slivken®, Yanbo Bai®, Manijeh Razeghi®
Zbig Wasilewski*

! Institute of Electron Technology, Al. Lotnikéw 32/46, 02-668 Warsaw, Poland
2 Warsaw University of Life Sciences, Faculty of Applied Informatics and Mathematics, ul. Nowoursynowska
159, 02-776 Warsaw, Poland
3 Center for Quantum Devices, Department of Electrical Engineering and Computer Science,
Northwestern University, Evanston, Illinois 60208, USA
# University of Waterloo, 200 University Ave W, Waterloo, ON N2L 3G1, Canada

The work presents the issues of processing of AlGaAs/GaAs and InGaAs/InAlAs/InP
semiconductor structures for quantum cascade lasers (QCLs).

The processing of QCLs consists some crucial steps like the mesa formation, electric
contacts fabrication, electrical isolation formation and mounting. For THz QCLs, the basic
processing steps include also fabrication of metallic cladding layers, wafer bonding and
removing of the substrate. The paper discusses selected technological problems, like for
example an obtainment of low-series-resistance and time-stable and thermal-stable electrical
metal-semiconductor contacts that must be characterized by a very good lateral uniformity
and shallow diffusion depths of. It will be shown the influence of the type of electrical
isolation on the devices’ performance.

As a source of knowledge of morphological, mechanical, chemical, electrical and
optical properties of the discussed structures a wide range of characterization techniques was
employed, like optical microscopy, atomic force microscopy (AFM), scanning electron
microscopy (SEM), transmission electron microscopy (TEM), energy dispersive X-ray
spectroscopy (EDXS), and Fourier transform infrared (FTIR) spectrometry.

It will be presented the results for AlGaAs/GaAs Mid-IR lasers emitting A~9,5um
(with threshold current densities ~ 20kA/cm? at 270K) and AlGaAs/GaAs THz-frequency
lasers emitting A~100 pm (with the maximum operating temperature 130K and with
threshold current densities <1.8kA/cm?). It will be shown the multimode emission of
InGaAs/InAlAs/InP lasers (A~16um) with pulsed peak power up to 700 mW at 30°C.

Acknowledgments: The work was partially financially supported by project LIDER/34/70/L-3/11/NCBR/2012
by The National Centre for Research and Development and by project 2011/03/D/ST7/03146 by Polish National
Science Cente. Dr Anna Szerling was supported from COST ACTION MP1204 TERA-MIR Radiation:
Materials, Generation, Detection and Applications.
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On the active region improvement in interband cascade lasers

M. Motyka!, G. Sek!, K. Ryczko!, F. Janiak!, M. Dyksik!, J. Misiewicz'
R. Weih?, M. Dallner?, S. Hofling?3, M. Kamp?

Unstitute of Physics, Wroctaw University of Technology, Wroctaw, Poland
2Technische Physik, University of Wiirzburg, Wiirzburg, Germany
3 School of Physics and Astronomy, University of St. Andrews, St. Andrews, United Kingdom

Applications related to the detection of hazardous and environmentally-relevant gasses
drive the growing demands with respect to all the sensor system components, requiring cheap
and compact laser sources. This can be well fulfilled by semiconductor lasers, where one of
the efficient solutions is interband cascade laser (ICL). Such devices have already been
proven to emit at some wavelengths of the mid-infrared (to beyond 10 pm even), i.e. in ranges
characteristic for maximal absorption of many gasses, and shown to offer continuous wave
single mode operation at room temperature between 3 and 5 um, and additionally
significantly lower power consumption [1] than the more common quantum cascade lasers.
However, ICLs still need further developments regarding especially the demanded
performances at longer wavelengths, broad bandwidth or widely tunable devices.

We have investigated, both experimentally and theoretically, several modifications in
the active region of the ICLs. The considered structures are based on InAs/(Ga,In)(As,Sb)
materials forming a broken gap system, i.e. confining electrons and holes in spatially separate
layers. The lasers are usually grown on either GaSb or InAs substrates. Our study is aimed at
maximizing the optical transition oscillator strength (OS) via tailoring the electronic structure,
the related strain and wave function engineering. OS is the most critical parameter of the type
II system because it can allow for compensating the intrinsic losses while extending the
emission wavelength or the gain bandwidth. We will cover such issues as variation of
compositions and thicknesses, importance of the band offsets, the active transition intensity
and external factors as temperature or electric field.

A combination of two spectroscopic techniques is used, emission-like
(photoluminescence) and absorption-like (modulated reflectivity) supported by the energy
level calculations employing multiband kep modeling. We demonstrate that addition of
arsenic into the commonly used ternary layer of GalnSb for the holes confinement can
significantly enhance the transition oscillator strength, while decreasing the overall strain and
keeping still the type II design [2,3]. There is also investigated the use of a triple type II
quantum well structure instead of a commonly used double well “W-design™[4]. This allows
for simultaneous red shift of the transitions and increase of the oscillator strength. Eventually,
further structure optimizations utilizing uncommon material combinations will be discussed.
In this part, application of the GaAsSb layers instead of typically used GalnSb will be
consider as a new way for holes confinement. Performed calculation includes strain
engineering, will be finally supported by their experimental verification.

1. I. Vurgaftman et al., Nature Commun. 2, 585 (2011)
2. F. Janiak et al., Appl. Phys. Lett. 100, 231908 (2012)
3. K. Ryczko et al., J. Appl. Phys. 114, 223519 (2013)
4. Motyka et al., J. Appl. Phys. in press (2015)
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Mid-IR QCLs can be divided into two main categories based on the material system involved;
GaAs- and InP-based devices. The latter offer unquestionable advantages in terms of high temperature,
CW operation. The former, however, offer performance in pulsed mode operation at room temperature,
which is sufficient in many applications. The main issue that limits high temperature performance of
GaAs-based devices is the low conduction band-offset, causing the electrons to escape to 3D
continuum of states at elevated temperatures of the active region. There were attempts taken to
increase the band-offset by e.g. increasing the Al content in the barrier layers. Unfortunately, increased
Al content leads to increased inter-valley scattering to X and L minima and consequently to decreased
laser performance.

In this work we report on the design, realization and characterization of a mid-IR QCLs based on
InGaAs/AlGaAs/GaAs structures grown by molecular beam epitaxy. Structures were grown with
indium content of 3% in QWs and 45% of Al in AlGaAs barrier layers. The design results in strained
heterostructure, however, no strain relaxation was observed as documented by X-ray diffraction
measurements. Devices exhibit performance largely improved over standard AlGaAs/GaAs QCLs.
More than 2 times reduction of threshold current density was observed. Lasing at ~ 9.5 pm was
achieved in the pulse mode up to T = 50 °C with characteristic temperature To = 120 K.
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Fig.1 (a) Conduction band edge (solid line) and density of states N(ky=o,E), (b) energy-momentum-resolved
density of states Nar and (c) density of electrons nar in the active region of the laser polarized by voltage
U=0.28 V/period.

Non-equilibrium Green’s functions model of InGaAs/AlGaAs/GaAs laser that utilizes single-
phonon resonance scheme has been analyzed. This method is used to examine electronic transport,
optical gain, and carrier distributions in the subbands of the laser. The problem is completely solved in
k-space and nonparabolicity is accounted for through energy dependent effective mass. Scattering self-
energies included in NEGF formalism are that for LO-phonon, interface roughness (IR), alloy disorder
(AD), ionized impurity (I-I) scatterings and for energy averaged LA-phonon scattering. Electron-
electron scattering was included within Hartree approximation by solving Poisson equation (with the
boundary conditions that preserve charge neutrality of each QCL period) selfconsistently with NEGF
equations. Good agreement with experimental data is found.

This work was partially supported by PROFIT PBS 2/A3/15/2013 and by National Science Centre Grant SONATA
no. 2013/09/D/ST7/03966 .
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Hybrid modes of mid-infrared double trench quantum cascade
lasers

E. Pruszynska-Karbownik, A. Trajnerowicz, P. Karbownik, P. Gutowski,
K. Reginski, M Bugajski
Institute of Electron Technology, al. Lotnikow 32/46, Warsaw, Poland
ekarb@ite.waw.pl

It is commonly believed that quantum cascade lasers (QCL) can emit only radiation which is
linearly polarized in the quantum well growth direction (transverse-magnetic/TM mode),
because polarization selection rule of intersubband transition allows gain only for TM modes
[1]. Although a photocurrent experiment showed that the selection rule is not absolute and is
fulfilled to the accuracy of 3% [2].

We made QCL polarization measurements in the far-field by using a goniometric
profilometer. The studied laser is a lattice matched Alo.477In0.523As/Ing.533Gag.467As/InP QCL
[3] fabricated into double-trench structures using wet etching and SizNs for electrical
insulation. The measured amount of light polarized perpendicular to the growth direction
varies from 2% for the fundamental mode to 7% for higher order modes. Waveguide analysis
showed that the waveguide confined by the tranches induces hybrid modes of far-field
distributions resembling the experimental ones. The theoretical amounts of perpendicularly
polarized radiation are equal to 1% and 7%, respectively. The analysis was made by using
full-vectorial finite-difference waveguide solver [4].
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Optical sideband generation with mid-infrared quantum cascade
lasers up to room temperature

S. Houver, A. Lebreton, J. Tignon and S. S. Dhillon
Laboratoire Pierre Aigrain, Ecole Normale Supérieure-PSL Research University, CNRS,
Université Pierre et Marie Curie-Sorbonne Universités, Université Paris Diderot-Sorbonne
Paris Cité, 24 rue Lhomond, 75231 Paris Cedex 05, France
sarah.houver@lpa.ens.fr

The combined giant nonlinear optical properties of intersubband and interband transitions
in quantum wells have recently received considerable attention. Indeed efficient nonlinear
wave mixing between a near-infrared (NIR) pump (interband resonance) in presence of an
intense terahertz (THz) beam (intersubband resonance) in quantum wells systems has been
previously demonstrated to generate THz-optical sidebands i.e. Enir + nEtn, where n is an
integer [1]. However, the THz radiation is provided by a Free Electron Laser. Recently, we
have demonstrated [2, 3] that these types of resonant nonlinear processes can be realized
using THz quantum cascade lasers (QCL) [4]. These previous demonstrations, however, have
been performed using THz QCLs and thus inherently limited to cryogenic temperatures. In
this work [5], through a new design of the QCL waveguide, we demonstrate sideband
generation up to room temperature between a resonant NIR beam and a mid-infrared QCL.
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This work can be applied to large all-optical wavelength shifts in communications and
enable the use of mature and high performance NIR techniques (such as fast and sensitive
detectors) to be applied to the characterization of QCL in regimes such as modelocking or
frequency comb generation.
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Monolithic subwavelength high-index-contrast grating VCSEL

Marcin Gebski, Maciej Dems, Michat Wasiak, Tomasz Czyszanowski

Lodz University of Technology, Institute of Physics, Photonics Group,
Wolczanska 219, 90-924 £6dz, Poland
tomasz.czyszanowski@p.lodz.pl

We propose and numerically investigate a new vertical-cavity surface-emitting laser (VCSEL)
structure consisting of a nearly lambda-thick active optical cavity sandwiched between two
planar monolithic subwavelength high-index-contrast gratings (MHCGs) etched directly into
the semiconductor layers surrounding the optical cavity (Fig. 1). The structure allows the
reduction of the vertical thickness of the subsequent MHCG VCSEL to roughly 1 um for
emission for infrared region (Fig. 2). Compared to a conventional all-semiconductor VCSEL
with distributed Bragg reflector mirrors, the MHCG VCSEL has a shorter effective cavity
length and thus a shorter roundtrip cavity time. Our proposed design enables the fabrication of
VCSELs with lattice-matched mirror layers in all common semiconductor optoelectronic
material systems, or alternatively VCSELs with hybrid HCGs.
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Fig. 1 Schematic illustrations (not to scale) of: a) the Fig. 2 The calculated optical field intensity distribution / of
MHCG VCSEL mounted on a copper heat sink with an the HE;; mode in the z-y plane for the MHCG VCSEL.
intracavity metal contact scheme; b) definition of the
geometrical parameters including: /# - height of the
stripe; L — period of the grating; s - width of the stripe;
a - distance between the stripes; and F - fill factor. c)
Top view of the laser showing the dimensions (d) and
arrangement of the top and bottom MHCG and oxide
aperture (4) used in the calculations. The structures are

illustrated in the z-y plane in a) and b), and in the x-y
plane in c).
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Experimental investigation on multi-wavelengths generation in
Vertical External Cavity Surface-Emitting Laser

A.Broda, A Jasik, A.Wojcik-Jedlinska, A. Trajnerowicz, 1. Sankowska,

J.Kubacka-Traczyk and J.Muszalski
Instytut Technologii Elektronowej, Al. lotnikow 32/46, 02 668 Warszawa, Poland

In recent years Vertical-External-Cavity Surface-Emitting Lasers (VECSEL) are of
great interest as the attractive sources of coherent light. The external cavity and flexibility of
the semiconductor epitaxy allows to design and fabricate VECSEL source for almost any
wavelength directly or by intracavity frequency conversion (e.g. second harmonic generation
process (SHG)). Moreover, the flexibility for accurate wavelength control by means of
bandgap engineering has enabled to develop VECSEL capable of two wavelength emission.

In this paper we report our new data on the realizations of two VECSEL

heterostructure designs, which can deliver high power and tunable two color emission. First
design of VECSEL was with the two different types of active regions enclosed inside a single
microcavity. In order to obtain gain coefficient high enough we deposited double quantum
wells at antinodes of standing wave. Moreover, both active regions were separated with
a potential barrier, preventing against excess diffusion of carriers to the long wavelength
region. Such structure permitted for a simultaneous dual-wavelength emission at 980 nm and
1024 nm.
Second unique design is switchable two wavelength VECSEL. The laser emitting at 967nm or
1018nm. The emission wavelengths can be switched by simply changing laser operation
conditions: the pump power or the temperature of heatsink. This feature has been achieved by
making a single active region enclosed in a two mode microcavity. Either the increase of the
pump power or the heatsink temperature result in a spectral red-shift of the gain maximum,
what, in turn, switches the laser emission from short to long wavelength mode. The drop of
the gain value due to the temperature increase is compensated by the larger value of
longitudinal confinement factor for the longer wavelength mode. Both devices can operate at
each wavelength up to 1W, each in the single TEMoo mode.

We believe that coaxial two wavelength laser emission can be an attractive source in
a number of application, especially where a high reliability of beam guiding is required or the
space is limited. The application of the SHG process in a cavity of the switchable two
wavelength VECSEL can transfer it to a two color source, for instant, blue and green what can
be of great use in the low volume projectors.
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and NCN N N515 360636.

27



E*é SMMO2015 9 EDEt
conference g >
COST Action MP1204 EUROPEAN COOPERATION
IN SCIENCE AND TECHNOLOGY

Optimal 1D microcavity for THz emission from optically pumped
GaP layer: numerical analysis
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In the current work an influence of 1D micro cavity on THz emission from semiconductor
layer of GaP at optical pump (THz wave rectification [1]) is analysed. Fabry — Perot type
microresonator with DBR mirrors of SiO/Air bilayers is analysed. For the numerical analysis
the method of single expression (MSE) is used [1,2].
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Fig.1 Fabry-Perot structure under modelling Fig.2 Transmission spectra of (HL)*-GaP-(LH)*

structure at external optical pump

It is obtained, that emission intensity from “DBR — GaP layer — DBR” structure strongly
depends not only on the number of layers in DBRs but also on their outermost layers’
permittivity.  For efficient emission of THz waves from GaP layer an adjacent to
semiconductor layers of DBRs should be of low dielectric permittivity. An enhancement of
THz emission from the considered multilayer structure is possible by an increase of
microresonator’s Q — factor, which requires an increase of bilayers number in DBRs.

Electromagnetic modelling by the MSE permits to obtain also electric and magnetic fields
and Poynting vector distribution within the structure that gives clear explanation of physics of
specific frequencies emission from the microcavity. Resonant emission takes place at
frequencies coinciding with resonant transparency of microcavity with GaP as a spacer.
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Intense THz pulses for THz pump — THz probe experiments
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Intense THz transients interact with gases and solid matter as well as proteins and biological
tissues and they can be used to modify molecular orientation and rotations, spin, electrons,
phonons. The numerical simulations of protein behavior as well as the experimental
techniques have shown that high energy THz pulses are of great interest for biology and
medicine [1,2]. Well established techniques like pump-probe requires high intensity THz
sources with a delay of tens of picoseconds range and tailored shape, polarization, and energy.
Here we report on two methods for generation of multiple high intensity THz pulse by using
air-plasma filament two-color technique [3]. Optical pulses of few mJ and about 50
femtoseconds length at 800 nm fundamental wavelength (FW) are split by an assembly of thin
film beam splitter (TFBS) and a mirror (Fig. 1). The delay between optical pulses and their
energy ratio are controlled by the distance between TFBS and mirror and the polarization
orientation. The pulses are then focused through a BBO crystal to generate second harmonic
(SH) and then, by balance action of self-focus and defocus, two plasma filament delayed by t
are created. The combined action of FW and SH on plasma filament creates an asymmetrical
electromagnetic field that interacts with charged particles generating two high intensity THz
transients which are recorded by using electrooptical sampling in ZnTe crystal, fig. 2. The
energy ratio between optical pulses is controlled by inserting a half wave plate before TFBS.
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Comparison of tunable narrow-band CW
mid-IR generators based on the difference frequency
generation in KTP and KTA crystals
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We have compared narrow-band CW mid-IR generators based on a difference frequency
generation in periodically poled (PP) KTP and KTA crystals. The nonlinear crystals are used
to mix the beams from tunable high power master-oscillator power-amplifier (MOPA) laser
sources working at 1060 nm and 1550 nm bands, respectively (Fig. 1). The master-oscillators
use a fiber ring configuration built of polarization maintaining (PM) fibers and components in
order to achieve linearly polarized light of the laser output. The seed lasers are tunable in the
spectral range of 1040-1089 and 1540-1589 nm, respectively and their line widths are less
than 0.03 nm. The signals at fundamental wavelengths are amplified in high-power amplifiers
(YDFA, EDFA) based on double-clad fibers pumped by multimode laser diodes (LD) by
means of pump signal combiners (PM-PSC). The pump and the signal are combined in a
polarization maintaining wavelength division multiplexer (PM-WDM). The maximum output
power of the system at 1060 nm and 1550 nm range is 2 W and 0.5 W of CW power
correspondingly. The linearly polarized light from the output of the multiplexer is focused in
the nonlinear media. The PP-KTP and PP-KTA crystals have a length of 16.5 mm and
thickness of I mm. The length of the periodically poled pattern is 15 mm. The transmitted
pump and signal beams at the output of the crystal are reflected by a dichroic filter (F) to a
control detector (D1). The idler beam goes through a germanium window (GW) to a beam
splitter (BS). A PbSe detector (D2) is used as a reference detector. The transmitted mid-IR
beam is focused into an output fiber. The maximum tuning range within the mid-IR region
achieved with the PP-KTA crystal with a period of 39.8 pm is 3100-3620 nm (Fig.2).
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THz detection in Topological Insulator Field Effect Transistor
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We report on room temperature THz detection with top-gated FETs having as active channel
BixSes or BiTex»Seos flakes. Among three-dimensional toplogical insulating materials
(3DTIs), Bi2Ses is one of the most appealing because of its topologically non-trivial energy
gap of 0.3 eV, about ten times higher than thermal excitation at room temperature, which
allows to access the single Dirac cone boundary states without requiring cooling [1]. On the
other hand, ternary Bi-based compounds are known to be good thermoelectric materials with
in-plane Seebeck coefficient up to -330 uV/K at room temperature [2].

Two THz detectors were fabricated using standard EBL techniques applied on exfoliated
flakes of Bi2Ses; and BixTe2.2Seo s (samples A and B, respectively). The optical characterization
of the detectors was carried on using a frequency tunable source in the range from 0.26 - 3.8
THz. Responsivities of 3.0 V/W and 0.25 V/W were estimated for samples A and B,
respectively, corresponding to a noise equivalent power (NEP) of about 20 nW/\Hz in both
cases.

From the analysis of the THz response it turned out that, whereas for sample B the detection
is triggered by overdamped plasma instabilities induced in the active channel of the FET by
the incoming THz ac field [3], the detection mechanism of sample A relies on the
photothermoelectric effect.

The huge Seebeck coefficient is capable, in our sub-micron geometry, to transform the small
gradient in the electron thermal distribution, induced between source and drain by the
asymmetrically fed THz radiation, in a measurable dc voltage.

We found that the controllable composition of Bi-based compounds can be exploited to select
the dominant contribution to THz detection, thus enabling further study towards the detectors
optimization and the use of THz radiation as a possible way to access topologically protected
surface states.
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Multifrequency high precise spectroscopy of biological tissues
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The important concern of the growing food industry involves control and monitoring of
the product’s quality that stimulates development and optimization of instrumental methods.
One of the promising techniques for rapid, non-destructive analysis involves examination of
the food’s smell that is e-nose technology. This examination is considerably complicated by a
need to analyze a multicomponent gas mixture that requires reliable detection, discrimination
and quantification of many volatile compounds.

Development of a combined IR-THz gas analyzer increases the number of gases that can be
identified and the reliability of the detection by confirming the signature in both THz and
MIR ranges. The subTHz, THz and MIR radiation sources of the spectrometer based on solid
state harmonics generator and quantum cascade lasers (QCL) have been developed. The
subTHz radiation source has been developed on the solid state harmonics generator. It has a
number of advantages comparing with other well-known microwave generators. For THz and
MIR ranges the QCLs are used. They have a high output power and can generate radiation in
pulse and continuous modes together with fast
IR tuning of frequency. Detection of the radiation
in all three frequency ranges (subTHz, THz and
Cell MIR) are realized by the unique receiver block
> | Detector based on quantum semiconductor superlattices.
We have studied odors composition of fresh
Receiver meat (veal, chicken), fish (salmon, trout) and
their vapors during natural decay. The sample
preparation was the same for meat and fish.
‘j Before measurements the tissue sample was cut
to pieces and dried in a vacuum cell to remove
the water. The spectroscopic analysis was done
with the sample at room temperature and heated up to 100 - 150°C. The studies started on the
day of meat (fish) purchase and continued the following days up to appearance of the new
volatile compounds, signaling of the sample natural decay. Between measurements the tissues
were kept in a refrigerator at +4°C. The results demonstrate that the fresh meat odor
composition includes ethyl formate, diethyl ether, alanine and glycine, which vanish during
natural decay. The later is characterized, first of all, by appearance of sulfur-containing
substances (H2S, SOz). Then decay is followed by emission of ammonia and organic
molecules (phormamid, ethylamine). The vapor composition of the spoiled fish contains
propylene glycol, urethane, hydrogen sulphide, sulfur dioxide and nitriles.
The preliminary investigations of biomarkers in three frequency ranges have demonstrated the
advantages of the combined MIR-THz spectrometer for analysis of the composition for
multicomponent gas mixtures.
The authors acknowledge support from MPNS COST ACTION MP1204 - TERA-MIR
Radiation: Materials, Generation, Detection and Applications, TeraDec 047.018.005,
NATO.EAP.SFPP 9840.
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TE and TM THz intervalence band polaritons
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THz-polaritonics devices have strong potential for applications in spectroscopy,
imaging and improved data transmission in communications and ultra-strong
coupling of THz radiation with intersubband transitions which can further
improve the applicability of polaritonics. Conduction band-based polariton
coupling i1s restricted to the TM mode [1]. However, the fact that valence
subband transitions can be coupled with both TE and TM modes polarized
cavity modes, stimulated us to extend our studies of TE valence band polaritons
[2] by comparing results obtained for THz polaritons and antipolaritons for the
two possible modes. Both cases are investigated for different cavities and
excitation conditions and the possibility of switching between one mode to the
other with a large change in resonant frequency and polariton splittings are
discussed. The strong nonparabolicity and k-dependence of the transition dipole
moment has a very strong role in the shifting of effective resonance frequencies
between TE and TM modes for the same transition. Our numerical results can
stimulate further experimental investigations for a deeper understanding of the
valence band coupling scenario, targetting applications in which a simple design
with two possible outputs with different polarizations and resonant frequencies
could be of relevance.
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Simulations of Terahertz Resonators for Heterodyne Photomixing

L. Juul', M. Mikulics?, M. Marso! and M.F. Pereira?

"Université du Luxembourg, 1359 Luxembourg, Luxembourg
2Forschungszentrum Jiilich, 52425 Jiilich, Germany
SMaterials and Engineering Research Institute, Sheffield Hallam University, UK

THz photomixers, which have become commercially available for CW
spectroscopy applications over the last decade, are still among the simplest
methods for THz-generation in terms of device complexity and fabrication. In
addition, stacked InGaAs and InAlAs quantum well structures have been shown
to have a low carrier lifetime and a band gap of 1.55um enabling the use of less
costly optical sources. Using the numerical method presented in Ref. [1], we
deliver a novel and very simple terahertz photomixer structure based on a
conventional photoconductor driving a coplanar stripline (CPS) terminated with
a multilayer capacitance and RF-chokes doubling as bond pads for the
photoconductor bias circuit. The transmission line is a better and more compact
inductive reactance element than a comparable uniplanar meander structure and
contributes to a higher radiation resistance of the resonant circuit. The design
leads to a predicted a radiated power of close to 15 uW at 0.85 THz, which is a
five fold improvement over Ref. [2]. The current distribution on the transmission
line indicates a linear polarisation of the radiated power. The layout features of
the design are intentionally conservative and can be produced with conventional,
inexpensive photolithographic methods.
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Many Body Approach for the Optical Properties of
Dilute Semiconductors

C.I. Oriaku and M.F. Pereira
Materials and Engineering Research Institute, Sheffield Hallam University, UK

Dilute semiconductors materials have a strong potential for impact in the Mid
Infrared range with an extra degree of freedom with controllable fundamental
gaps and effective masses at both valence and conduction band methods.
However, before intersubband designs that can reach the full MIR range or even
THz frequencies, the properties of bulk materials must be fully understood. This
paper explains previously not clearly understood features in the luminescence
spectra of dilute nitrides, bismides and antimonides structures through a
combination of many body and inhomogeneous broadening effects, as well as
the unexpected influence of strain in samples expected to be relaxed. A
seemingly anomalous temperature dependence of the Iuminescence peak
emission is explained and that can have a strong impact in the design of future
sources and detectors for the far infrared including interband Mid Infrared and
intersubband THz sources. The luminescence is connected to the nonlinear
absorption and gain and the simple and accurate expressions presented reduce
exactly to Elliott’s formula in the low density limit. The level of agreement
between the theory and different experimental data clearly demonstrates the
power and accuracy of the approach, which can become a very powerful tool to
investigate new materials for mid infrared radiation generation and detection,
starting from ab initio calculations
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Recent progress on dilute bismide

Shumin Wang

Chalmers University of Technology, Kemivdgen 9, Goteborg 41296, Sweden
Shanghai Institute of Microsystem and Information Technology, Chinese Academy of Sciences,
865 Changning Road, Shanghai 200050, China

shumin@chalmers.se

Dilute bismide is a novel class of III-V semiconductor with a number of interesting physical
properties such as a large band-gap bowing effect, a large spin-orbit split energy, having
strong interaction with valence band of host materials leading to an enhanced valence band
offset but less effect on conduction band etc. Research on dilute bismide began from InSbBi
with a hope to extend light absorption wavelength beyond 8 pm in late 70s but soon it turned
out that it was very difficult to incorporate Bi into InSb [1]. The renaissance appears when
high quality GaAsBi with a band-gap bowing of 80 meV/% Bi and strong room temperature
photoluminescence was demonstrated in 2003 [2]. Most studies so far have been focused on
GaAs(N)Bi. In this talk, I will give a brief review of the history of dilute bismide research
with a focus on recent progresses on growth of novel dilute bismide alloys such as GaSbBi
[3,4], InAsBi [5], InPBi [6,7] and InAlGaPBi [8,9], as well as dilute bismide optoelectronic
devices [10,11].
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Growth and characterization of dilute bismides for terahertz and

laser applications

A Krotkus!, R. Butkuté!, V. Padebutas', A. Geizutis!, P. Ludewig?, and K.
Volz?

! Center for Physical Sciences and Technology, A. Gostauto 11, 01180, Vilnius, Lithuania
2Phillips-University Marburg, Germany
arunas.krotkus@ftme.lt

Recent developments of dilute bismide based device technology at Centre of Physical
Sciences and Technology in Vilnius will be discussed. Two types of devices will be presented:
photoconductive antennas from (Galn)(AsBi) for THz Time-domain spectroscopy (TDS)
systems activated by 1.5 pm wavelength lasers and Ga(AsBi1)/GaAs MQW laser diodes. In the
first case it has been found that by simultaneous incorporation of Bi and In into the lattice of
GaAs the energy bandgaps as narrow as 0.6 eV can be obtained. Epitaxial layers of quaternary
bismide alloy have shorter than 1 ps carrier lifetimes and relatively large dark resistivity
evidencing that this material is a good candidate for ultrafast optoelectronics applications.
THz-TDS system based on (Galn)(AsBi) components and Er-doped fiber laser is
demonstrated.
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Terahertz Wave Emission and Detection from Single Crystals of
High Temperature Superconducting Bi2Sr2CaCu20s+5

L. Ozyuzer!, Y. Demirhan!, F. Turkoglu', H. Koseoglu!, T. Semerci!, H. Alaboz',
M. Kurt!, K. Kadowaki?

"Department of Physics, Izmir Institute of Technology, Urla, 35430, Izmir, Turkey
University of Tsukuba, Tsukuba, Japan

Terahertz (THz) technology is an extremely attractive research field but there is still lack
of compact solid state sources. Improving (THz) source efficiency will benefit all application
areas, including imaging, spectroscopy, information technology, medical diagnosis etc. The
importance of developing passive and active devices which work in either terahertz or
millimeter wave frequencies is ever more increasing in this popular field. High voltages
across the junctions could be maintained by High-Tc superconductor BixSr2CaCuxOsq+s
(Bi2212) single crystal composed of superconducting CuO-layers which are coupled
through the intrinsic Josephson effect [1] and it holds the potential for very intense, coherent
radiation that covers the THz gap. In our recent studies, we have fabricated continous wave
terahertz sources and observed emission powers up to 60 uW at frequencies up to 0.85 THz
[2-3]. Furthermore we have performed bolometric detection and interferometer
measurements. The emission frequency of mesas was determined using a Michelson
interferometer setup which also demonstrates polarized emission. Interference patterns of THz
radiation from Bi2212 mesas were detected by various detectors such as a liquid helium
cooled silicon composite bolometer, a Golay cell and a pyroelectric detector. For the first
time, most of the pumped power was extracted as THz emission from a Bi2212 mesa.

Fig. 1: Triple mesa structures for THz emission Fig. 2: Log Periodic Antenna for THz
detection

As Bi2212 single crystals are sources of powerful and efficient THz waves, we can also
use these crystals for detection purpose. We have fabricated log periodic antenna like bridge
structure of a bolometer, which has wide-band characteristics, from thin (100-500 nm) single
crystal Bi2212 for high sensitive terahertz radiation detection.
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Deposition of graphene/ graphene-related phases on different
substrates by thermal decomposition of acetone

T.I. Milenov

Dnstitute of Electronics- Bulgarian Academy of Sciences, 1784 Sofia, Bulgaria
teddymilenov@abv.bg

We present results on the deposition of graphene and graphene-related phases by chemical
vapour deposition (CVD) method. The source of carbon/carbon containing radicals is
thermally decomposed acetone (C:HsCO) in Ar main gas flow at different temperatures
depending on the substrate used. The deposition of graphene and/or graphene related phases
takes place on (001) Si, Cu, Ni, (75 at.% Cu + 25 at.% Ni), Mu-Metal (16 at.% Fe + 77 at.%
Ni+ 5 at.% Cu+ 2 at.% Cr) and SS304 (~67 at.% Fe + 9 at.% Ni+ 20 at.% Cr + 2 at% Mn +
0.8 at.% Si) substrates. The obtained thin films are studied by optical microscopy, X-ray
powder diffraction and grazing incidence beam, Raman (Fig.1) and X-ray photoelectron
spectroscopies (XPS). We determined the optimal temperature of the CVD process for each
substrate for fixed values of the remaining parameters.
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The analogy and differences between Sub-Tera-

Flux Flow Oscillator and Graphene, Semiconductor Superlattices

F. V. Kusmartsev

Department of Physics, Loughborough University, LE11 3TU, UK
F Kusmartsev@lboro.ac.uk

We present experimental and numerical results for a flux flow oscillator based on
superconducting Josephson Junctions[1]. Our computationally efficient theoretical model
takes into account Josephson self-coupling of the Flux Flow Oscillator (FFO) and is in a
good agreement with our experimental results and previous studies. We consider also
topological excitations a semiconductor superlattice (SL) in magnetic field and show
analogy between these two considered systems[2,3]. In particular, ina SL made of
semiconductors like BN and graphene placed in crossed static electric and magnetic fields,
under certain conditions, the inversion of electron population can appear at which the
average energy of electrons is above the middle of the mini band and the effective mass of
the electron is negative. This is the implementation of the negative effective mass
amplifier and generator (NEMAG) in the superlattice. It can result in the amplification and
generation of terahertz radiation even in the absence of negative differential conductivity in
a similar way as it was described and obtained in the Refs for FFOs[4,1].
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Graphene-enabled Electrically-Controlled

Terahertz Light Modulators

N. Kakenov', T. Takan?, V.A. Ozkan?, O. Balc1!, EO. Polat', H. Altan?, C.

Kocabas'
!Bilkent University Department of Physics, Ankara, Turkey
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taylan.takan@metu.edu.tr

We demonstrate a THz light modulator working at reflection mode using large area
graphene supercapacitors. Our approach relies on controlling charge distribution on
graphene electrodes. We fabricated the device using large area graphene (5x5 cm?2)
synthesized by chemical vapor deposition on copper foils and transferred on THz
transparent PVC with 75 pm width . The other side of PVC was coated with 100 um gold
using a box coater. The device acts as a controllable Salisbury screen. By changing the
voltage bias we were able to modulate the THz reflactance trough the device with
modulation level of ~10 dB. A schematic of the experimental set-up used for THz
transmission measurements is given in Figure 1c. A VDI Schottky diode based, multiplied
mm-wave/THz emitter is used as a tunable frequency signal source. Driven by a voltage-
controlled frequency-tunable YIG oscillator, the system can provide a minimum average
output power of about 1 mW, in the frequency region of 240-380GHz. The output of the
source is amplitude modulated and measured via a Golay Cell. The output beam was
collimated and then, after passing through a silicon wafer which acts as a beam splitter,
focused onto the device. The spot diameter was measured to be ~3 mm at the device
position. The radiation was then collected and focused onto the receiver.
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Fig.1 A) Normalized power reflectance with applied bias voltage. B) Schematic of the
experimental set-up. C) Schematic drawing of the THz light modulator.
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Artificial graphene: a useful playground for THz spectroscopy?

L. Nadvornik™ and K. Vyborny

Institute of Physics, AS CR, v.v.i., Cukrovarnicka 10, Prague 162 00, Czech Republic
" nadvl@fzu.cz

Having its ideological roots in the studies of lateral superlattices in the 90ths [1], the concept
of the artificial graphene [2] developed shortly after the experimental discovery of the real
graphene in 2004 [3] as a synthesis of these both fields of interest. As it was anticipated
theoretically [2], a system governed by the unique behaviour of the massless fermions, typical
for the real graphene, might be fabricated by creating a lateral superlattice reflecting
graphene-like symmetry on top of a two-dimensional electron system (2DES). Properties of
such a structure would be then widely tunable by simply varying the lithographical
parameters, doping and by other means during its fabrication. In spite of this promising
prediction, the first experimental and further theoretical insights [4,5] revealed that even the
real observation of Dirac fermions in these systems is significantly demanding and the
experimentalist is forced to work at (or even beyond) the limits of current technologies and
experimental tools. This is the reason why the direct observation of the Dirac fermions in the
artificial graphene has not been yet performed.

In this contribution, it will be discussed why the THz spectroscopy of Landau levels could be
a promising experimental tool as it makes accessible the optical transitions in order of units of
meV. Together with the theoretical conclusions, the experimental data of FIR and THz
spectroscopy of Landau levels will be commented from the point of view of a 2DES
perturbed by a graphene-like potential modulation.

Fig. 1: Concept of artificial
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Validation of molecules force field parameters using Terahertz
spectroscopy

M. Mernea, O. Calborean, D.F. Mihailescu

University of Bucharest, Faculty of Biology, Splaiul Independentei, No 91-95, 050095,
Bucharest, Romania
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Lipopolysaccharides (LPS), the main constituents of Gram-negative bacteria outer
membranes, are highly toxic and can induce septic shock in humans. Here we used THz
spectroscopy and molecular modelling in order to validate the CHARMM force field
parameters of bacterial lipopolysaccharides (LPS) that we derived in a previous study [1]. The
THz spectra o five LPS molecules and of a hydrated LPS monolayer (Fig.l1 a-c) were
simulated (Fig.1 d,e) and compared to the THz spectrum recorded on LPS molecules
dissolved in a chloroform/methanol mixture (Fig.1 f). The agreement between theoretical and
experimental results allows us to validate LPS simulation parameters. Future refinement of
the parameters should lead to an even better agreement.
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Figure 1. (a) 3D structure of a LPS molecule. (b) A LPS monolayer (in cyan) and the 64 Ca?" ions (in yellow)
associated with the monolayer. (¢) Hydrated LPS monolayer (water molecules are represented as red dots). (d)
Simulated THz spectrum of a single LPS molecule. (¢) Simulated THz spectrum of the LPS monolayer. (f) ATR
THz spectrum recorded on LPS molecules dissolved in a chloroform/methanol mixture.
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Terahertz homodyne self-mixing: A new spectroscopic technique -
Basics and two-dimensional tomographic imaging applications

T. Mohr!, S. Breuer, D. Blomer, M. Simonetta, S. Patel, M. Schlosser, A.
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We experimentally demonstrate a novel terahertz spectroscopy concept by combining both
continuous-wave terahertz radiation generation and phase-sensitive detection in a single
photoconductive antenna (PCA). The optical beat signal of two single-mode lasers impinges
on a dc-biased fiber-coupled PCA. Within the Rayleigh length of the terahertz radiation a
revolving chopper wheel (RCW) is placed, which back-reflects the radiation onto the PCA,
giving rise to an AC photocurrent in the PCA [1].
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This signal is derived theoretically, by the calculation of the total current at the PCA
considering the electrical field of the back-reflected radiation and can be expressed by
HSM(z)=1,- CDS[:‘TT‘T z) (1)
where A is the wavelength of the terahertz field and z represents the displacement of the RCW.
As a proof-of-concept application we perform 2D terahertz tomography imaging and
reconstruct the 2D image of a hollow-core Teflon cylinder filled with a—lactose. By
measuring the homodyne self-mixing signals for the Teflon cylinder at different x-positions
and for different rotation angles, we can reconstruct the cylinder and identify its filling by
using two different terahertz frequencies of 0.19 and 0.539 THz.
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Dispersion of carbon nanotubes in melt compounded
polypropylene based composites investigated by THz spectroscopy
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Naples “Federico Il”, Naples, Italy

P. Russo
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(Na), Italy

We investigate the use of Terahertz Time Domain Spectroscopy as a tool for the measurement
of the index dispersion of multi walled carbon nanotubes in polypropylene based composites.
Samples containing 0.5% by volume concentration of not functionalized and functionalized
carbon nanotubes are prepared by melt compounding technology. Results indicate that the
THz response of the investigated nanocomposites is strongly dependent on the kind of
nanotube functionalization, which in turn impacts on the level of dispersion inside the
polymer matrix. We show that specific dielectric parameters such as the refractive index and
the absorption coefficient measured by THz spectroscopy can be both correlated to the index
of dispersion as estimated using a traditional and well established approach based on the
analysis of optical microscopy images performed on purpose-prepared nanocomposite slices.
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THz-TDS investigation of dielectric properties of CaZrOs.
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Calcium zirconates (CaZrOs) are known for their interesting optical, electrical, and
physico-chemical properties. The electronic, electro-mechanical, and conductive properties of
CaZrOs doped with specific trivalent rare earth ions promote upconversion processes, where
the absorption of two or more lower-energy photons leads to the emission of a higher energy
photon. The upconversion materials are based on the f-f transitions of rare earth dopants,
which show rich luminescence spectra consisting of a large number of distinct transition lines.
Thus upconverting phosphor materials based on CaZrO; can be synthesized which are
suitable for diode lasers, display devices, and other photonic applications with excitation in
the near infrared (NIR) region.[1] Only a few reports dedicated to dielectric or spectral
properties of CaZrOs in the far infrared region can be found in the literature. For this reason
we have investigated the effect of Er’* and Li'content on 2 mol % Yb*" doped CaZrOs, which
were sintered for 1 hour at two different temperatures, 1300 and 1500 °C.

The preliminary results achieved by the THz-TDS technique in the transmission mode,
using femtosecond-laser driven photoconductive emitter and electro-optic detector in the
frequency range of about 0.2-3.0 THz are shown in
Figure 1. The material absorption as function of
refractive indexalmost doubled when the Er**content

®
o
T

;E’eo s az@iso | in the material decreased from 5 to 1 mol % (A4 ~ 5
s - mol %, A8~ 2 mol %, A12~ 1 mol %), while the
2)40 ral . | refractive index (RI) increased from 3.25 to 3.80.
g . A2Li@1300 This behaviour is strongly affected by sintering
2. spacs : | temperature as the ample A12 sintered at 1300°C
— e showed more than 5 times lower absorption and the

30 3.1 32 33 34 35 36 37 38 39

Refractive index @ 1 THz RIof3.11. The addition of Li" ions to the structure
Figure 1. Effect of Er’* and Li* content onYb*" doped igcreas§d both absorption and RI to 372 The X—ray
CaZrO; absorption properties as function of refractive  diffraction patterns proved the stuctural similarity of
index of the materials sintered at 1300 and 1500 °C. perovskite materials sintered at different
temperatures, however, the higher temperature induced slightly higher crystallinity in the
studied samples. The differences in their dielectic behaviour and electronic conductivity may
therefore be attributed to the improved crystals order, but better understanding of these
systems require a more detailed investigation.
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Photonic-based generation of ultra-pure THz radiation

Jesus Palaci, Maria Jose Garcia-Martinez and A. Ruben Criado
Luz WaveLabs S. L., Avenida Gregorio Peces Barba, 28919 Leganes, Madrid

We report on a photonic system for generation of high quality continuous-wave THz signals.
The system consists of an optical frequency comb generator and a mechanism that performs
selective mode filtering. Our device surpasses the performance of commercially available
mm-wave and sub-THz generation systems, matching and even overcoming those of the best
commercially available electronic THz generation systems. Signals with a linewidth at or
below 10 Hz are generated for the complete frequency range (60-140 GHz in our
experiments) with a resolution in the order of 0.1 Hz at 120 GHz and considerable long-term
stability (5 Hz deviation over one hour). Most of these values are limited by the measurement
instrumentation accuracy and resolution, thus the actual values of the system could be better
than the reported ones. The frequency range can be extended straightforwardly up to the
optical comb bandwidth without significant degradation. Our system is compact, robust and
reliable, being especially suited for THz photonic local oscillators and high resolution
spectroscopy.
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Compressive Sensing Imaging and Image Fusion at sub-THz

frequency in Transmission Mode

V. A. Ozkan, T. Takan, H. Altan
Middle East Technical University, Dumlupinar Bulvari No: 1, TR-06800 Ankara, Turkey
vedataliozkan@gmail.com

Due to lack of widespread array imaging techniques in THz range, applications are being
investigated using compressive sensing (CS). CS has been shown to effectively generate
images of objects by manually controlling pixels on the image plane and focusing the light on
a single pixel THz detector [1]. The purpose of this work is to reconstruct the image of an
object by sampling at a rate below the Nyquist limit and fusing the sub-THz image with a
visible image. In the experiment, the imaging is accomplished by obtaining transmission
pattern of a sample negative F letter, which is cut from aluminum sheet of 0.05 mm
thickness. A Virginia Diode Instruments (VDI) source at 113GHz is used as the sub-THz
frequency signal source. Transmitted signals are amplitude modulated via power supply
switching and the received signals are measured via a Golay Cell (Tydex TC-1T) and lock—in
amplifier. The 10 x 10 random array patterns are fabricated by a 40kHz repetition rate pulsed
fiber laser with 0.5mJ average pulse energy and 25 kW peak power per pulse (Fiberlast
NanoMark 20W). The pixels have dimensions of 3x3mm.

¢<:f;ﬂ //\D: ,A% jﬂ%

source

target plane image plane
spatila light modulators

Fig. 1 THz signal is obtained from an yttrium iron garnet oscillator’s (YIG oscillator) output, multiplied
by VDI Schottky diodes to 113 GHz. Then an F# 3, TPX lens with 50 mm diameter collimates the light.
The spatial light modulator and the target are separated by two f#2 lenses to minimize optical sources of
error. Finally an F# 2 Teflon lens with 50mm diameter focuses the light on receiver, a Golay cell. The
target is an aluminum negative F letter.

The set-up shown in Fig. 1 is used to demonstrate that a highly reflective, metal negative
surface can be imaged. To reconstruct the image Total Variation (TV) minimization algorithm
is used [2]. To assess the performance of the algorithm the reconstructed image was compared
to the simulation of the ideal target. The comparison was done using the y2 image quality
assessment (IQA) index. Moreover image fusion was assessed using Natural Image Quality
Evaluator.
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Detection of Far-Infrared Radiation using Glow Discharge

Detectors (GDDs)
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Department of Physics, Middle East Technical University, Dumlupinar Blv, No:1, 06800
Ankara, Turkey
haltan@metu.edu.tr

The plasma medium which is created inside the GDD enables us to detect a wide wavelength
range of differential or modulated EM signals impinging on them [1-2]. The interaction
between the plasma and various frequency EM waves are still being investigated and in the
terahertz range the interaction mechanism is still not well understood [1]. To understand the
interaction better commercially available GDDs were studied using both time-domain and
continuous wave mm wave/THz measurement systems. Using a 113GHz Schottky diode
multiplied source the detection behaviour of the detector was investigated while the
interaction of the GDD structure with the THz field was investigated between 100-1000GHz.
The GDD response is similar to other commercially available room temperature mm
wave/THz detectors and performs at a fraction of their cost. Using lock-in detection
techniques the response was characterized at modulation frequencies up to 100 kHz.
Furthermore the orientation of the electrode structure was sensitive to the polarization of the
incident field. The polarization sensitive behaviour indicates a strong coupling between the
incident and native field in the plasma. These effects were investigated by transmitting a
broadband THz pulse through the structure for when the device was on and off. Within the
constraints on the maximum modulation frequency of the THz transmitter antenna, certain
THz frequencies are attenuated suggesting the electrode structure of the GDD can play a role
in the detection. Future work will entail understanding the interaction by using numerical
simulations modelling of a similar geometric structure with a glow discharge under modulated
EM wave illumination.
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Fig. 1 Various GDDs were studied using a home-built time-domain THz spectrometer. The transmission was seen to be
attenuated at certain frequencies (above near 0.27THz) which was observed to increase with modulation of the THz
transmitter.
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Rapid-Scan Fiber-Integrated Terahertz Spectrometer for

Time-Resolved Measurements
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Repetition rate tuning enables the fast acquisition of THz pulse profiles [1]. In other words,
by adjusting the time delay between two pulses by tuning repetition rate of a low-timing-
jitter ultrafast laser source, the speed of acquisition of the THz transient can be
dramatically improved [2]. By using this method we demonstrate a compact and broadband
terahertz time domain spectroscopy system (THz-TDS) driven by ytterbium doped fiber laser
source. The importance of this method is realized in that Yb-doped fiber lasers can be
amplified to sub-milli joule to be used in rapid excite-THz probe experiments. In our previous
study we showed that the home-built laser was stable during the repetition rate tuning [2].
Here we demonstrate the obtained THz waveforms during the tuning of the repetition rate.
The tuning is done by using a fast moving voice-coil stage which is placed in the oscillator as
shown in Fig. 1(a). The obtained THz waveform is shown in Fig. 1(b). With the addition of a
third amplified output to the constructed fiber laser future work will investigate the use of the
multi-port system in dynamical investigation of materials using excite-probe measurements.
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Spectroscopy of Mie resonances in single TiO2 microspheres
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Sub-wavelength size dielectric resonators have attracted much interest recently as elements
with effective magnetic response that can be used in metamaterials. This magnetic response
occurs in a high-permittivity, sub-wavelength size dielectric particle as a result of the lowest
order resonance, known as the 1st Mie mode or the magnetic dipole (MD) mode. At THz
frequencies, there is a range of high-permittivity materials (with ¢ >100), which can provide
isotropic alternatives to split-ring resonators. Such resonators however present a difficult
problem for experimental investigations due to their sub-wavelength size.

We demonstrate a THz near-field method for spectroscopy and mapping of Mie resonances in
single sub-wavelength size (~A/10) resonators. We investigate the magnetic dipole and
electric dipole modes in single TiO> micro-spheres using THz near-field microscopy and a
sub-wavelength aperture probe [1]. We exploit the effect of the resonator on transmission of a
plane wave through a sub-wavelength size aperture. The transmission spectrum exhibits clear
signatures for the MD as well as electric dipole modes [2]. The experimental results agree
with numerical simulations. The spectral signature of the MD mode in this measurement can
be described analytically as a Fano resonance. The near-field mapping of the field near the
resonator displays the spatial mode signatures and reveals the effect of mode degeneracy
lifting in elliptical resonators.
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Achieving a negative refractive index in arrays of dielectric rods

Filip Dominec, Christelle Kadlec, Hynek Némec, Petr KuZel and Filip Kadlec
Institute of Physics, Academy of Sciences of the Czech Republic, Na Slovance 2, 18221, Prague 8, Czech Republic
kadlecf@fzu.cz

The square array of TM-polarized cylindrical dielectric rods is one of the simplest periodic structures that was
studied both as a photonic crystal (PhC) and as a metamaterial (MM) with a possibly negative index of refraction
n [2]. Using FDTD simulations and an unambiuous algorithm for refractive index retrieval, we illustrate [1] a
qualitative transition between the PhC and MM regimes upon a continuous variation of structure parameters.

In the MM limit, a photonic band with n < 0 can occur in an overlap of the regions of negative permittivity
£ (due to an electric Mie resonance) and permeability p (due to an magnetic Mie resonance), (Fig. 1a). Both
resonance frequencies depend not only on the rod radius, but also on the unit-cell size a in the way denoted by the
thick line in Fig. Ic. For too sparse rods, the regions of = < 0 and ;2 < 0 do not overlap. For too dense rods, the
circular nodal planes that were characteristic for individual Mie resonances join with those of neighbouring cells,
changing their topology to a continuous one, typical e.g. of a 1D PhC. Accordingly, both individual Mie resonances
abruptly merge, their resonance peaks disappear and an ordinary (Bragg) forbidden band is formed, (Fig. 1b). The
range of frequencies and unit cell sizes required for n < 0 are denoted by the black patch in Fig. 1c.
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Figure 1: a), b) Index of refraction for rods made of a dielectric with £ = 100 and 10 pm radius, for two different

unit cell sizes a € {100, 80} pm, ¢) A continuous scan over a € (20, 200) pm. The forbidden bands are identified
by colours and Mie resonances outlined by a thick black curve.

We conclude that an array of dielectric rods can exhibit n < 0 in a narrow range of frequencies, however, with
requirements for the filling fraction much stricter than previously thought [2]. The dielectric permittivity contrast
must be higher than ca. 50, which is possible in the THz range if the rods are made of e.g. titanium dioxide
or a ferroelectrics. To our knowledge, there is no dielectric material exhibiting such a high permittivity at the
near-infrared or optical frequencies.

The authors acknowledge the support of the Czech Science Foundation under the Grant No. 14-256398S.
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Mirror coatings for InGaAs/InAlAs/InP mid-IR QCL
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This work presents results of work towards manufacturing high reflective (HR) and anti
reflective (AR) coatings on InGaAs/InAlAs/InP Quantum Cascade Lasers (QCLs) with
sputtering system. The similar technique for mirror coatings was presented in Nguyen work
[1]. For HR coatings we used metallic coatings proposed in [2]. In contrast to coatings for
GaAs based QCLS [3] one of key step in this technology is surface pretreatment before
coating deposition. In the Fig. 1. there is results of LIV measurements for chip with
developed coatings.
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Fig. 1.LIV characteristics of the same laser chip without coatings, with AR coating, HR
coating, and HR+AR coatings.

As it can be seen not only coatings has impact on final characteristics but also etching of
cleaved mirrors.
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Optimization of MBE growth of InSb on semi-isulating GaAs
substrate for mid-wavelength infrared detectors
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Mid-wavelength infrared (MWIR) detectors are devices of interest mainly due to their
possible application in gas detection or thermal imaging. InSb, due to its small band gap, is
a perfect candidate for detection of MWIR radiation in the wavelength range from 3 to 7 um.
Although InSb based MWIR detectors have already been reported [1], the growth of InSb in
molecular beam epitaxy (MBE) process still remains a challenge. The main reasons causing
problems are the low melting point of InSb (527 °C), the low growth temperature, and the big
lattice constant, which complicates the growth of heterostructures.

Optimized growth conditions for epitaxy of InSb on semi-insulating (SI) GaAs substrate are
presented. A series of samples, each with a 500 nm thick InSb layer on SI GaAs substrate was
grown and characterized. The smoothest sample has a root mean square (RMS) roughness of
4.6 A measured by atomic force microscope (AFM) (see Fig. 1). It is only about 2.2 times
bigger value than RMS roughness of the surface of an epi-ready InSb wafer. High resolution
X-ray diffraction (HRXRD) measurements indicate that InSb layers are almost fully relaxed
in our samples. The calculated relaxation level is 99.3%.

Based on the growth optimization we were able to grow an InSb p'-p-n" structure on SI
GaAs-substrate (see Fig. 1) designed for application as a MWIR detector. Although some
more efficient designs for infrared detectors have already been proposed (e.g. cascade infrared
detectors [2]), InSb-detectors based on a p-n junction are interesting for several reasons. The
efficiency offered by those detectors is sufficient for some applications, the design is simpler
and the manufacturing costs are lower compared to more complex structures.
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Fig. 1. AFM image of the surface of 500 nm InSb/GaAs (left) and detector structure (right).
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A comparative study of ITO, Ti and Cu metal mesh resonant
filters for THz applications
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Terahertz (THz) radiation is part of the electromagnetic spectrum lying between microwaves and the
far-IR. Sensing and imaging using terahertz waves is a rapidly progressing technology which has
wide-range applications in different areas such as security, medicine, quality control and etc. The
importance of developing passive and active devices which work in terahertz frequencies is ever more
increasing in this popular field [1]. One of the most important devices in THz applications is band pass
filters, which could be widely applied to imaging, spectroscopy, molecular sensing, security, drug
identification, or other systems [2]. Cross-shaped apertures have advantages in fabrication of the band-
pass filters. Periodicity G, cross member length K, and cross-member width J determine the
performance of these filters. Provided that G is smaller with respect to the wavelength, it is possible to
shift the filter profile by linearly scaling the dimensions G, K, and J and this fact very much simplifies
the design of resonant meshes. In this study, we report on resonant metal-mesh bandpass filters made
up of metal films (typically 100-500 nm thick) perforated with arrays of cross-shaped apertures.
Design of the filter structures was created by CST microwave studio program. The layout of the filter
design is shown in Fig. 1. We use 2 mm thick quartz as the substrate because of its low loss at THz.
ITO, Ti and Cu were chosen as the metallic layer due to their good attachment to the substrate. These
films were grown in high vacuum magnetron sputtering system. Terahertz resonant metal-mesh filters
were fabricated using the UV photolithography and Ar ion beam etching techniques. After fabrication,
the samples were measured using a Bruker Vertex V80 FTIR spectrometer. Transmission
measurements have shown center frequencies and bandwidths close to the design predictions as seen
in Fig. 2. The measured results showed an insertion loss, which is due to the finite conductivity of the
metal films and some loss in the substrate. Finally the created structures were characterized using
time-domain THz spectroscopy (THz-TDS) systems. The measurements will be discussed in the light
of surface conductivity of deposited films.
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Fig. 1. Optical microscpe photograph Fig. 2. Transmission measurement of ITO-Ti
mesh filters of cross shaped ITO and Ti mesh filters
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Presently, there is higher and higher demand for Mid-IR photodetectors as the number of their
applications increases very quickly. The most commonly used Mercury-Cadmium-Telluride
(MCT) devices will have to be replaced in the near future because of two main reasons.
Firstly they approached their physical limits and there is little that can still be improved.
Secondly international organizations are restricting usage of mercury, cadmium and tellurium
for health and environmental reasons. All of this causes a demand for new group of devices,
in which type-II antimonide-based superlattices photodetectors are of great interest. They
have potential to outperform MCT or InSb ones, because of stronger suppression of Auger
recombination which is a limiting factor in the latter. Especially, since high temperature
passive detection is desired to lower production costs and allow for fabrication of more
portable devices. In this paper, figures of merit of a series of type-II InAs/GaSb photodiodes
were investigated. Each photodetector was designed to operate in MWIR range with cut-off
wavelength of ~5 um. All measurements were performed in wide range of temperatures
(75 K—-300 K), however special attention was paid to results obtained at about 200 K. In
these conditions maximum quantum efficiency of ~41% was achieved. Additionally, influence
of perimeter-to-area ratio on differential resistance was analysed.
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High TCR DC Sputtered VOx Films for THz Bolometer
Applications
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Terahertz (THz) range of electromagnetic spectrum still presents a challange for both
electronic and photonic technologies and it has many application areas from security to
wireless communications. This kind of applications requires powerful sources, sensitive and
fast detectors. We have shown that intrinsic Josephson junctions of superconducting crystal
could be used as powerful THz source [1,2]. Cooled THz detectors based on superconducting
materials can reach high performance values such as low noise equivalent power (NEP) but
they need costly cryogenic equipments. In this study, vanadium oxide (VOx) thin films are
sputtered by dc magnetron sputtering system from room temperature to high temperatures.
Vanadium oxide thin films have been used since BST detectors disadvantages were
discovered at infrared region and it is clearly the most used material for uncooled detectors
now. Low cost manufacturing and acceptable performance values make them perfect
candidate for detector technologies. Single crystal VO, have high temperature coefficient
resistance (TCR) but they have semiconductor metal transitions at around 341 K. Amorphous
vanadium oxide films have more stable TCR over wide temperature range. Recently
published research shows that resistance value in amorphous vanadium oxide thin films could
be reduced with metal doping such as gold [3]. Silicon wafers are used as substrate and their
surfaces were oxidized in air ambient. Oxide thickness were measured by spectroscopic
ellipsometry since it is important for the support part of the suspended bridge structure. VOx
thin films sputtered with different Au doping conditions to achieve optimum resistance values
for bolometer applications. FTIR measurements are performed to confirm that our thin films
contain more than one phase. TCR values were also measured and optimized for high TCR
and low resistance values. The highest TCR value was measured as -2% /K. CST Microwave
studio will be used for finding best antenna structure for 0.6 THz source. These thin films will
be used as detector material and antenna structure will pattern by e beam lithography. It’s
clearly indicated that air bridges are improved THz detectors response time [4]. Suspended
vanadium bridge will be created for improving thermal isolation hence it will decrease
detector response time.
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Advances in the wireless cellular and network applications also necessitate increased traffic
on the communications infrastructure. In order to overcome the capacity overload of the
current spectral provisions, service providers are looking at higher frequencies. E and V bands
of the millimetre wave spectrum are being utilized for mile range relay links, and higher
frequency bands such as 220GHz and 340 GHz regions are being considered for indoor very
high data rate applications [1].

A major conundrum in front of indoor Terahertz wireless networking is the effect of the
surface reflection: which may be a positive in terms of wider area coverage, and also may be a
handicap due to low penetration depths through doors, panels, and such. Indoor surfaces have
many different types and textures, and a parameter which may well alter surface reflection
coefficients is the varying temperature. Indoor temperature variations are not extreme as the
outdoor conditions, yet differentials in excess of 15° to 20° Celcius are normal for most
climates throughout seasons.

In this work the effect of the varying temperature surface reflections on the communication
signal quality of very high data rate (>1Gb/s) data carrying indoor millimetre wave
(>100GHz) transmission is studied. It is observed that data transmission quality is more easily
affected by the temperature dependant surface reflections compared to conventional reflection
power measurements. Various surfaces such as clear and coated drywall, wood panelling, and
plastic materials are investigated. In future work, texture roughness and temperature variation
will be explored.
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Detectors based on type II InAs/GaSb superlattices operating at mid-IR regime are becoming
comparable with well-known and widely used Mercury Cadmium Telluride (MCT) devices.
Over last few decades the development of the MCT led to well established processing
methods for this material system. Abovementioned new generation material and devices based
on it are still under strong investigation. As long as new concepts and structures of antimonide
based superlattices are proposed and grown, better, more stable and universal processing steps
are needed to meet the arising high demands. Considered material consists of alternating InAs
and GaSb thin layers in the growth direction of heterostructure. Its complexity makes basic
steps in processing such as surface treatment, etching and passivation challenging.
Subsequent procedures in full device processing are described, especially, dry etching
procedure which is most critical step in fabrication. Importance of in-situ reflectance
oscillations during etching with accuracy below 100 nm are emphasized. Pictures of samples
obtained using Nomarski contrast before and after Inductively Coupled Plasma (ICP) etching
prove good surface quality achieved in this process. Additionally the influence of
combinations of SiO;, Al,O; with and without organic passivants on the electrical
characteristics of photodiode is discussed. Profiles measured using electro-mechanical
profilometer after each step are included which help assess of processing correctness.
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Experiments [1] evidence that some QCL structures exhibit features of multimode Risken-
Nummedal-Graham-Haken (RNGH) instabilities [2,3] at low excess above lasing threshold
and hence may provide practical means to produce ps pulses in the MIR spectral range.

We explain low 2™ threshold pm2 in QCLs without evoking the assumption from [1] on a
built-in saturable absorber and clarify the importance of unipolar diffusion in QCLs and
ambipolar diffusion in conventional LDs: without diffusion, pm> would be too low and
independent of the lasing wavelength (Fig.1(a) and (b), dashed curves). The diffusion of
electrons in the plane of QWs results in pm2= 1.32 and 1.04 in long-cavity QCLs (L=4mm)
(Fig.1(a), solid curves). Numerical simulations based on travelling wave rate equation model
of Ref. [4] show irregular self-pulsations, in agreement with experiment in [1]. Shortening the
cavity length down to L=100 pm increases the second threshold to 2.3-2.5 (vertical dashed
lines in Fig.1(a)). Very high pwm2 in conventional LDs is predicted by the model, attributed to
ambipolar diffusion (Fig. 1(b)).
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Fig.1 (a) RNGH instability increment vs pump excess above lasing threshold for QCLs (T:=1.3 ps
and T,=140 fs) and (b) LDs (T1=1 ns and T,=100 fs) with/without diffusion. Diffusion coefficients
are D=180 c¢cm?/s for QCLs and D=7 and 20 cm?/s for GaN and GaAs based LDs.
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Spectroscopic characterization of highly Si-doped InAs layers in
terahertz emitters
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The need for improvement of commonly available terahertz (THz) sources has led to
advances in semiconductor surface based generation methods. One approach is to incorporate
a heavily doped reflection layer into the sample structure [1]. In these InAs based systems it is
critical to use a proper dopant density in order to achieve high enough reflectivity to further
increase the emission intensity. However, the latter depends on the plasma frequency
characteristic for the given free carrier concentration. According to the Drude-model, at a

. . 19 =3 o .
carrier concentration level of 110" ¢m ™ " which is often used in the structures of terahertz

emitters, the resulting plasma frequency is on the order of 31 THz _ far above our samples
emitted center frequency. Radiation of frequencies below the plasma frequency is very well
reflected, because the electrons in the metal-like material screen the electric field of the
electromagnetic wave.

By using spectroscopic techniques we may gain additional insight into the efficacy of
employed doping methods. At the origin of the used approach lies the phenomenon of
absorption of longitudinal optical modes in the p-polarized component of radiation as
described by Berreman [2] and later named after him. By utilizing this effect to reflectance
measurements [3] we have been able to extract information about carrier concentrations.

In addition, the dependence of the modulated reflectivity spectra in the vicinity of the
fundamental energy gap transition of InAs, and its shift in function of the n-type doping
concentration has been recorded. The latter, after inclusion of the effects of Burnstein-Moss
shift and the gap renormalization, has been used as an independent probe of the free electrons’
concentration. Results of both the methods have been compared and confronted with the
nominal doping levels determined based on the growth calibration or Hall measurements.
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Development of the software tools for simulation of quantum well
media for radiation amplification in MIR and THz regions
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In presentation we discuss recent activities on development and application of software tools
to simulate the quantum cascade structures [1] on the basis of rate equations approach [2]:
- optimization of the numerical algorithms [1] (incl. problems with reliable solution of
the Schrodinger equation in quantum well cascades under the applied field);
- development of a convenient simulator with user-friendly interface and moving toward
desktop code with real time reaction (idea of a “student QCL simulator”);
- possibilities to apply idea of the digitized quasiparabolic quantum wells [3] in a
modified form for realization of amplification cascades.
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Fig. Screenview of the developed user-friendly simulator of quantum cascade structures.
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Optical investigation of high contrast grating fabricated by
focused-ion beam process
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High refractive index contrast gratings (HCGs) have drawn great attention for several years.
This seemingly simple structure lends itself to extraordinary properties. It has been shown that
those planar devices can be designed to have almost 100% reflectivity for surface-normal
incidence [1]. This feature, together with strong polarization discrimination and sub-micron
thickness of an HCG reflector, made it very interesting candidate for a mirror in VCSELSs.

The HCG is single layer photonic structure composed of periodically repeated stripes made of
high refractive index material and low refractive index material gaps between them (Fig.1). It
has to be surrounded by low refractive index media. In this work we report results of optical
examination of monolithic large scale (100 um of planar dimension) HCG fabricated using
focused ion beam (FIB) technique. The grating has been formed within a thin layer of
amorphous silica, deposited on sapphire substrate. It has been designed for maximal
reflectivity of 980 nm wavelength. We have investigated optical features of a cavity formed
by the HCG combined with a VECSEL-like epitaxial structure. Strong polarisation
dependence of the reflectivity spectra of the optical cavity has been observed.

Fig. 1. a) Schematic view of high contrast grating where L - grating period, F - fill factor or
duty cycle, hnce - HCG thickness or etching depth, 7w - low refractive index medium,
nhigh - high refractive index medium, b) schematic view of monolithic high contrast grating [2]
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Over the past few years, unprecedented progresses have been made in the area of THz
source technologies, which have played an important role in opening up the possibility of
using THz waves in many real-world applications. The existent THz sources that are based on
transient current effect are made from LT-GaAs semiconductor. As an alternative material it
may be LT-InP. The goal of this research is to find the value of thickness of the semiconductor
film. From one side we need a material that will able to absorb all femtosecond pulse laser
energy of incident IR beam. From another side it follows by idea that the generated THz
radiation in proposed film to have to have an small attenuation coefficient at output. After
sputtering processes, on top of the films, we detected the indium layer. Therefore we
optimized the second technological process for selective etching using HNOs. The absorption
coefficient versus photon energy for InP films were measured at 300 K for three type of
thickness, 500, 1000 and 2000 nm, respectively before and after HNOs etching. According to
the early report of Aspnes and Studna [1983] the thickness of InP films was optimized in
order to obtain a high absorption coefficient (o) [1]. The slope of the transmission coefficient
vs wavelength is changed after indium layer etching which remained after RF deposition have
been optimized. THz-TDS spectra are obtained using a system based on a self-mode locked
Ti-Sapphire oscillator (FEMTOLASERS) which emits pulses of 19fs pulse width at a
wavelength of 808nm and an average output power of 160mW. We report a surface
impedance for the magnetron RF sputtering InP films of ~0.57 MQ compared with 0.6 MQ
for LT-GaAs (PCA 40-05-10-800-x from BATOP Optoelectronics) [2]. The low limit of the
impedance at the highest input laser beam fluencies is considered above the threshold of
sample damage, which may conclude that the measurement setup can differ from BATOP one.
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Characterization and numerical modeling of holmium-doped
optical fibers for fiber lasers at 2.1 pm
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Thulium- and holmium-doped optical fiber lasers are attractive high-power laser sources
operating in the region around 2 pum [1]. Particularly, they are important for coherent-light
generation in a mid-infrared spectral range through nonlinear conversion and supercontinuum
generation [2]. In this work we report on the fabrication, characterization and numerical
modeling of the holmium-doped silica-based optical fiber. The characterization covers
preform and optical fiber refractive index profiles, holmium concentration distribution,
spectral attenuation and cutoff wavelength, whereas the special attention was paid to
fluorescence lifetime measurement. The fluorescence lifetime of the holmium-doped optical
fiber was measured to be 1.22 ms. Using the measured optical fiber parameters together with
the comprehensive, spectral and spatial resolved numerical model we present theoretical
analysis of optical fiber laser working at around 2.1 um. The optical fiber length, pump and
signal wavelengths and output mirror reflectivity were optimized. The results of numerical
modeling were compared to the experimental results of the holmium-doped fiber laser in
Fabry-Pérot configuration that was pumped with in-house-built highly stable thulium-doped
fiber laser.
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superlinear luminescence in the Near-Mid infrared region
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We will presented the superlinear electroluminescence (SLEL) of the MOVPE structures
based on AISb/InAsixSbx/AISb a deep quantum wells (QWs) grown by MOVPE on n-
GaSb:Te substrates. The two different compounds were grown in the active layer: with the
higher Sb content in sample A and with the lower Sb content in sample B. Sample A exhibits
the better structural parameters.

Dependence of the EL spectra and optical power on the drive current in nano-
heterostructures with a deep AlSb/InAs;.xSbx/AlISb QW at 77 — 300 K temperature range was
measured. Intensive two-band SLEL in the 0.5 - 0.8 eV photon energy range and optical
power enhancement with the drive current at room temperature caused by the contribution of
the additional electron-hole pairs, generated at AISb/InAs interface, due to the impact
ionization by the electrons heated at the high energy difference between AlISb and the first
electron level Ee; in the InAsSb QW were found.

Study of the EL temperature dependence at 90 — 300 K range enabled us to define the role
of the first and second heavy hole levels in the radiative recombination process. Due to the
temperature dependence of valence band offset the EL spectrum revealed radiative transitions
from the first electron level Ee; to the first hole level in the whole temperature range (90 —
300 K) while the emission band related with the transitions to the second hole level occurred
only at T > 195 — 200 K.

This work is continuation of our recent paper [1] devoted to the SLEL properties of QWs,
but the structure was grown with different type of interfaces between AlSb barrier and InAsSb
QW. In our previous work the interfaces were grown as AlAs-like while, results presented
here are measured on samples with InSb like interfaces between barriers and QW. We have
observed intensive two-band SLEL and we studied the temperature dependence in the range
from 77 K to 480 K.
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Electro-Mechanical Analysis of a THz Wireless Sensor for
Structural Health Monitoring
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Structural Health Monitoring

(SHM) is an hot topic in engineering which can benefit greatly from new THz technologies.
Frequency Selective Structures (FSS) can be employed to create compact devices that

can be easily integrated into the surface of structures without

impairing their functionality and aesthetic appearance, but still

allowing their monitoring. In this communication we present a study on the mechanical
design of a THz wireless sensor, whose electromagnetic operation in the THz domain was
already demonstrated, [1]. The objective of the present study is to characterize the relationship
between the applied force and the reflectance/transmittance of the sensor. We performed this
study by numerically solving the elasticity equation for devices made of three and six layers —
the geometry is shown in Fig. 1a). Fig. 2b) shows the result of one of many numerical
simulations performed to determine the compression of the polyethylene layers as a function
of the applied force. The data was then integrated with the electromagnetic results of
transmittance and reflectance giving rise to the results shown in figures 1c) and 1d), for three
and six layers, respectively.
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Focused Ion Beam (FIB) Post-Processing Impact on Properties
of Coupled-Cavity Quantum Cascade Laser Structures

M. Pluska, A. Czerwinski, A. Laszcz, J. Ratajczak,

K. Pierscinski, D. Pierscinska, P. Gutowski, P. Karbownik, M. Bugajski

Institute of Electron Technology, Al. Lotnikow 32/46, 02-668 Warsaw, Poland
mpluska@jite.waw.pl

Coupled-cavity quantum cascade lasers (CC QCLs) were designed and produced with
Focused lon Beam (FIB) to provide single mode operation together with relatively high
output power.

The FIB milling is defined by digital scanning patterns, e.g. bitmaps (instead of lithography
masks), facilitating modifications. Therefore, FIB technique is a very useful tool for
manufacturing prototypes and short series of nanodevices or post-processing customization of
individual devices. It serves excellently for producing customized CC QCL devices.

One of methods for manufacturing coupled-cavity lasers from a standard QCL is milling
with FIB a gap within its resonator to split it into two unequal, electrically separated while
optically coupled laser sections. Single-mode lasing is enabled by independent power
supplying of these sections [1].

It is considered that the most important issue in this FIB operation is quality of inner mirrors
(within the gap) geometry [2]. Our present investigations showed that electrical properties of
the all milled region walls are crucial for proper working of the laser. This is because ion
milling can cause high leakage in the structure by short-circuiting of the gap edges.

We recognized that main effect responsible for the leakage is secondary deposition of milled
material. For the investigation special test structures were prepared on QCL chips. Small areas
of the structure were separated from the rest of structure by milling a trench around them
down to the substrate. The trenches were milled for mesa region and outside the mesa with
various values of ion beam currents. Current-voltage electrical characteristics of the test
structures were registered by probe measurements within the FIB chamber. The results
revealed that the leakage current is strongly dependent on ion beam current and especially on
the patterning procedure (proposed in the paper). It is important that FIB imaging (even single
frame of scan, typically applied during FIB processing) can significantly increase leakage
current and should be strictly avoided for proper quality of CC QCLs. The applied measures
have led to successful CC QCLs with high optical power and single-mode operation and
distinguishable side-mode suppression ratio (SMSR) of 30 dB.
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Cathodoluminescence Studies and Focused Ion Beam (FIB)
processing of photonic structures

M. Pluska, A. Czerwinski, J. Ratajczak, J. Katcki

Institute of Electron Technology, Al. Lotnikow 32/46, 02-668 Warsaw, Poland
mpluska@ite.waw.pl

Cathodoluminescence (CL) studies in scanning electron microscope are very frequently
used to investigate local properties of photonic structures. Nevertheless, in structures with
built in electric field (because most of structures contain junctions) spreading of electron
beam induced current affects the CL results [1].

Focused Ion Beam (FIB) is widely used in the nanotechnology for prototyping or post-
processing of photonic devices [2]. Main advantages of FIB are bitmap-based patterning
providing easy designing and changing of patterns and ability to mill materials with spatial
resolution in range of single nanometers. Despite such high shaping precision ion beam may
damage the milled structure due to amorphization, ion implantation and secondary material
deposition of the milled walls. The mentioned side effects deteriorate optical and electrical
properties of processed structures.

CL studies performed on FIB-milled special test structures show that CL. measurements may
be critically deteriorated by the effect of secondary electroluminescence (EL) [3]. This effect
can make CL measurement results in fact derived from places much different than intended.
In such cases CL results and images may be improper and not related to the scanned region of
the photonic structure [2]. The developed technique of CL measurements on FIB-milled
photonic structures may be simultaneously used to study damages introduced by FIB
processing. The test structures FIB-processed on AlGaAs/GaAs laser heterostructures with 8
nm InGaAs quantum well were used in these experimental studies.

It was revealed that secondary deposition of milled material can cause short circuiting of the
laser structure and strongly decrease its performance. Adjusting FIB patterning procedure and
sequence can minimize the effect of secondary deposition of milled material, as confirmed by
the CL signal. The studies showed also that optimized FIB milling can be used for limitation
of the secondary EL responsible for CL-signal deterioration and quenching. FIB technique
can be easily used for preparation of these dedicated specimens for the CL measurements with
much improved accuracy of results and avoidance of the above mentioned disturbances.
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Fe:ZnSe and Dy:PbGaxS4 lasers generating radiation

in the 4-5 um spectral region

H. Jelinkova!, M. E. Doroshenko?, M. Jelinek', J. Sulc!, M. Némec!

V. K. Komar?, A. S. Gerasimenko?®, V. M. Puzikov*, V. V. Badikov*

' Czech Technical University in Prague, Faculty of Nuclear Sciences and Physical
Engineering, Brehova 7, 115 19 Prague 1, Czech Republic; helena.jelinkova@fjfi.cvut.cz
2 A. M. Prokhorov General Physics Institute, Russian Academy of Sciences, Laser Materials
and Technology Research Center, Vavilov Str. 38, 119991 Moscow, Russia
3 Institute for Single Crystals, NAS of Ukraine, 60 Lenin Ave., Kharkiv, 61001 Ukraine
* Kuban State University, May 9th Street 46a, 350040 Krasnodar, Russian Federation

Mid-IR laser radiation in the wavelength range 4 - 5 um is required for various applications in
radars, lidars, or biomedical diagnostics. The promising laser active media for generation in
this spectral region are Dy’":PbGaxSs [1] and Fe*’-doped materials as ZnSe and
Znos2Mgo.18Se [2]. In this contribution, output radiation characteristics of these lasers are
presented. The Dy**:PbGa,S4 laser was coherently pumped by a free-running 1.73 pm Er:YLF
laser matching the Dy**:PbGasS4 absorption peak. The electro-optically Q-switched Er:YAG
laser at 2.94 um was used for Fe’"-doped laser pumping. Output energy characteristics of
Dy*" and Fe**-doped laser are shown in Fig. 1. In the case of Dy**: PbGa»Ss laser, maximum
output energy of 7 mJ was achieved with the slope efficiency of 8 % and pulse duration of
~ 120 ps. Depending on excitation energy and reflectivity of the cavity mirrors, the laser can
generate separate spectral lines at 4.3 and 4.6 um shown in Fig. 2. The Fe:ZnSe laser
generated energy, pulse-duration, and the slope efficiency with respect to the absorbed energy
were 1.3 mJ, 120 ns, and 30 %, respectively (Fig. 1). In the non-selective cavity the radiation
around 4.48 um was generated. The Fe:Znos:Mgo,1sSe laser generated at the wavelength
~ 4.8 um. All lasers were working steadily at the room temperature without any cooling.
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Fig. 1. Output energy characteristics of the Fig. 2. Generated spectrum of Dy:PbGaxSs,

Dy:PbGazSa, Fe:ZnSe, and Fe:ZnMgSe lasers. Fe:ZnSe, and Fe:ZnMgSe lasers in a spectral
non-selective cavity.
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Cr:ZnSe laser generating at 2.3 um

pumped by Tm-fiber 1.94 pm laser
M. Jelinek!, V. Kubecek!, H. Jelinkova!, M.E. Doroshenko?

ICzech Technical University in Prague, Faculty of Nuclear Sciences and Physical
Engineering, Brehova 7, 115 19 Prague I, Czech Republic; michal jelinek@fjfi.cvut.cz
’General Physics Institute, Laser Materials and Technology Research Center,
Vavilov Str. 38, 119991 Moscow, Russia

The intensive growth of the laser applications in the last decades revealed the interest to
generate the laser radiation at the the mid-infrared wavelength region from compact solid-
state lasers. Therefore, the active materials as Cr**-doped ZnSe, ZnS, CdSe, CdMnTe etc. are
in the focus of investigation [1-2]. The aim of the presented work is to demonstrate operation
of a Cr:ZnSe laser pumped by a thulium fiber laser (IPG Photonics Inc.) at the wavelength of
1.94 um. The pumping radiation was focused into the 5 mnm long Cr*":ZnSe active crystal
using one CaF» lens (f=100 mm). In the initial experiment the 15 mm long stable optical
resonator was formed by a concave dichroic pumping mirror (HT @ 1.94 pm, HR @ 2.3 um,
r = 150 mm) and a flat output coupler (R = 95 % @ 2.3 um). The pumping laser was
operated in the pulsed regime in order to avoid thermal load fracture of the active crystal. The
pulse duration was set to 10 ms with the repetition rate of 10 Hz. Average output power of 70
mW (corresponding to the power amplitude of 0.7 W) was achieved with the slope efficiency
of 38 % with respect to the absorbed pumping power. The generated radiation spectrum was
centered at the wavelength of 2.26 pm with the FWHM of 10 nm. Further investigation of the
influence of output coupler reflectivity as well as output power scaling and wavelength
tunability will be presented.
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Fig. 1. Cr:ZnSe laser output power. Fig. 2. Cr:ZnSe laser output spectrum.
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Criogenic effects on cancer stem cells - can we monitor and
manipulate them with THz radiation?

A.N. Goltsev, O.A. Diabina, M.V. Ostankov, N.A. Bondarovich,

Institute for Problems of Cryobiology and Cryomedicine of the National Academy of

Sciences of Ukraine, Kharkov
cryo@online.kharkov.ua

Cryoablation is widely used in the treatment of oncological diseases [1]. In our studies we
have paid special attention to studying the influence of temperature on structural and
functional characteristics of cancer stem cells (CSCs), which determine the initiation and
metastasis of tumors. We have made a comparative analysis of the single and two-fold
freezing on the structural and functional characteristics of CSCs in development dynamics of
Ehrlich carcinoma (EC). The cells of EC-7 and EC-14 were subjected to both single and two-
fold freeze-thawing in ascitic fluid with no use of cryoprotective agents. The Proliferative
potential of post-thaw EC cells was assessed on their doubling time. The cell concentration
with CSCs markers: CD447CD24" and CD44"&" in total EC pool was assessed using
monoclonal antibodies to CD44 and CD24 antigen (BD, USA). Single and two-fold
cryopreservations have been found to change in a different way the functional status of EC
cells and CSCs with CD447CD24" and CD44"¢" phenotype contained in them, depending on
the tumor development stage. It has been found that after two-fold freezing the content of EC-
7 cells total population reduced to the 7" culturing day in 1.5 times and in 1.8 times to the 14"
day compared with a single freezing. Moreover two-fold freezing rendered a manifested
suppressive effect on EC-14 aging culture in contrast to the stimulating effect of a single
freezing. Our studies indicate that it is essential that each CSCs population responds in a
different way to cryopreservation with the development of tumor process. The findings
emphasize the attention to the need of correct choice of the terms and number of cryoeffect
cycles on malignant neoplasms [2, 3]. We would like to attract the attention of the teams of
COST MP1204 for possible joint research to: (i) Investigate the effect of strong THz radiation
in the development of cancer stem cells, since short high power bursts of terahertz radiation
can damage DNA and also increase the production of proteins that help the cells to repair this
damage. (i1) Use THz spectroscopy to follow the development of cancer in stem cells, since
cancer cells normally have a higher water content than healthy cells with consequent stronger
THz absorption [4,5].
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