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Due to excellent physical and chemical properties and relatively low cost polyethylene (PE) and 
isotactic polypropylene (PP) rank first and second, respectively, in the polymer world output. These 
polymers are thermodynamically incompatible and immiscible, and their melting and crystallization 
temperatures and crystallization rates are significantly different. These distinctions provide with possibility 
to modify structure and, as consequence, properties of melt-mixed PE/PP blends in a wide range by altering 
conditions of production and processing. Besides, different polymorphs of isotactic PP can be obtained 
depending on the conditions of the melt cooling. 

Due to improved mechanical properties PE/PP blends themselves have a great potential for practical 
applications. An interesting feature of nanocomposites with matrix of PE/PP blend is preferred localization 
of nanofiller in the PE domains. This feature opens new ways for development of functional materials, which 
are in demand from new high-tech applications. The study of PE/PP blends is of significant interest from the 
point of view of polymer recycling and reprocessing. 

In this work we present Raman study of blends of isotactic PP and two grades of PE with very 
different structural characteristics (the degree of branching, density, the degree of crystallinity, the melting 
and crystallization temperature, etc.). We analyze dependence of the blend structure on relative content of the 
blend components and preparation conditions (quenching or annealing). We show that Raman spectroscopy 
is very informative and convenient tool to evaluate structure of polymer blends in terms of chemical, 
conformational, and phase compositions, including description of various crystalline modifications and non-
crystalline regions. 

This work is supported by the Russian Foundation for Basic Research (project code 16-02-00808-a).
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The advantages of TeO2 – based glasses (TG) are their high solubility of lanthanide ions and high oscillator 

strengths (see Fig.1) of their electronic transitions. This presentation is devoted to the spectral, kinetic and lasing 

properties of 3F4 - 3H5 Tm3+ transition in ultrapure and highly dehydrated TeO2–ZnO glass. This laser transition 

(λ~2.3 µm) lies within the air transparency window and can be used for remote detection of CO, CH4 and HF gases 

having absorption lines around this wavelength. The idea behind the present study is that TG phonon spectrum can 

simultaneously provide the two main demands for the 4-level laser media: high quantum yield of the upper laser 

level (3F4) and very short lifetime of the lower laser level (3H5). We could not find in literature any reliable data 

about the 3F4 Tm3+ luminescence quantum yield in well-dehydrated TGs. Moreover, we have found no data about the 

lifetimes of the lower laser level 3H5 in any laser materials. And the noticeable lifetimes of the 3H5 lower laser level 

that can be expected in fluoride glasses may cause sufficient inversion losses in pulsed regimes of laser operation. In 

order to evaluate the laser potential of TG we had to develop the measurement procedure of these parameters by 

comparison with Tm-doped ZBLAN. We have found that the total quantum yield of the transitions starting from 3F4 

level in TeO2 – ZnO glass is  lower than that in ZBLAN due to multiphonon relaxation but still remains high 

(~70%). Tm doping level in both samples was low enough to avoid cross-relaxation: (2÷3)x1019 ions per cm3. As for 

the lower laser level 3H5 lifetime the measurements of 1.8 µm emission buildup gave the values of 130 and 2600 ns 

for TeO2 – ZnO and ZBLAN glass respectively. The resulting spectral properties of TG were found to be quite 

suitable for 2.3 µm laser action. The preliminary laser tests of this bulk glass were held using pulsed ruby laser as a 

pump source (see Fig.2).  The sample of 38 mm length was longitudinally pumped with Ø1.5 mm beam. The 

resonator was formed by two flat mirrors with 11% outcoupling. 

 

Fig.1 Absorption of Tm-doped TeO2-

ZnO (dashed line) and ZBLAN (solid 

line) glasses.  

 

 

Fig.2 Oscillograms of pump laser pulse (bottom) and 

2.3 µm laser pulse (top).  

 

 Thus TeO2 – ZnO based glass has shown itself an appropriate host for 2.3 μm Tm3+ lasers. Further experiments 

with diode pumping and fiber configurations are in progress. 
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Optical breakdown is one of the main restrictions for increasing output power of most laser systems. An 
Nd:glass laser with 300 J, 1 ns pulses used for pumping OPSPA stages of the petawatt laser facility 
PEARL [1] is not an exception. As the maximum diameter of Nd:glass rods is 100 mm, this laser operates 
near the optical breakdown threshold. Larger active rod diameters are not available today. Another 
specific feature of the OPSPA system is a short pulse duration of 1 ns. In this paper we propose two ways 
to overcome the breakdown threshold. The first one is amplification in one power channel of several 
consequently propagating replicas of the input pulse. This method allows not only increasing the total 
output energy, but also reducing distortions of the sub-pulses during their amplification. In our 
experiments the output energy of the used Nd:glass laser has been increased from 300 to 500 J by splitting 
the input nanosecond pulse into two orthogonally polarized sub-pulses. The number of amplifying stages, 
the total small signal gain and the optical load on the elements of the laser have not been changed. Figure 
1 shows the near-field intensity distributions and the oscillogram of the output sub-pulses with energies of 
300 and 200 J. 

 
Fig. 1. Output intensity distributions (a) in the near-field zone and (b) in time. The pulse energies are 300 and 200 J; the beam diameter is 100 mm 

The second way to multiple output pulse energy is amplification in Nd:glass of long pulses (tens ns in 
duration) and shortening them at the output by means of some nonlinear compression process. For 
example, for 16 ns pulses the optical breakdown threshold is 4 times higher than that for 1 ns pulses. That 
is why 16 ns pulses could be amplified in our Nd:glass laser up to 1200 J. We propose to use stimulated 
Brillouin scattering (SBS) for pulse compression [2]. The results of our first experiments in that direction 
will be presented as well. 
 
Acknowledgements. The work was supported by the Russian Foundation for Basic Research (Grant No. 
15-02-08099) and the grant program of the President of the Russian Federation for young scientists and 
postgraduate students engaged in advanced research and development in priority areas of modernization of 
the Russian economy (Grant No SP-703.2016.2). 
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Quantum cascade lasers (QCLs) are continuously improving their performance in the broad emission 

range with high power operation at elevated temperatures[1,2]. High performance operation of QCLs 

leads QCLs to be used in many applications. At the mid IR region, QCLs can be used as effective light 

source for the laser spectroscopy by utilizing their wide tunability of the emission wavelength[3,4].  

 As a passivation layer for the metal contact, SiO2 is commonly used for the QCL fabrication but SiO2 

exhibits relatively high absorbance in the 8 to 10 µm region. In contrast, Y2O3 is transparent up to 12 

µm and shows good insulating performance. For comparison, the refractive indices and absorption 

coefficients of SiO2 and Y2O3 are plotted in Fig. 1. We used Y2O3 instead of SiO2 as a passivation layer 

for the double channel (DC) structure QCL. The DC-QCL is made by etching both side of the mesa and 

then, the mesa is covered by contact metals with an insulation layer. The fabrication process of the DC-

QCL is cost effective since it does not require any regrowth process[5].  

 Fig. 2 shows the emission spectra of fabricated DC-QCL with Y2O3 passivation layer. The peak 

wavelength was around 8.1 µm at 20oC and the laser emission was successfully maintained over 50oC.  

(200-ns-pulse with 20 kHz repetition ratio). Y2O3 shows better thermal conductivity than SiO2, which 

means the Y2O3 passivated QCLs also have high potential of heat-dissipation performance in CW 

operation. 
 
[1] J. Faist, Federico Capasso, D. L. Sivco, C. Sirtori, A. L. Hutchinson, A. Y. Cho, “Quantum Cascade Laser,” Science, vol. 264, pp. 553-556 

(1994). 
[2] A. Lyakh, R. Maulini, A. Tsekoun, R. Go, C. Pflügl, L. Diehl, Q. J. Wang, F. Capasso, C. K. N. Patel’, “3W continuous-wave room 
temperature single-facet emission from quantum cascade lasers based on nonresonant extraction design approach,” Appl. Phys., Lett. vol. 95, 

p. 141113, (2009). 

[3] R. Maulini, A. Mohan, M. Giovannini, Jerome Faist, E. Gini, “External cavity quantum-cascade laser tunable from 8.2 to 10.4 µm using a 
gain element with a heterogeneous cascade,” Appl. Phys. Lett., vol. 88, p. 201113, (2006). 

[4] G. Wysocki, R. Lewicki, R. F. Curl, F. K. Tittel, L. Diehl, F. Capasso, M. Troccoli, G. Hofler, D. Bour, S. Corzine, R. Maulini, M. 

Giovannini, J. Faist, “Widely tunable mode-hop free external cavity quantum cascade lasers for high resolution spectroscopy and chemical 
sensing,” Appl. Phys. B, vol. 92, pp 305-311, (2008) 

[5] W. Metaferia, B. Simozrag, C. Junesand, Y. T. Sun, M. Carras, R. Blanchard, F. Capasso, S. Lourdudoss, “Demonstration of a quick process 

to achieve buried heterostructure quantum cascade laser leading to high power and wall plug efficiency,” Opt. Eng. vol. 53, p. 087104, (2014). 

 

 
Fig. 1. Refractive index and extinction coeffcient of SiO2 and 

Y2O3 

 
Fig. 2. Emission spectra of Y2O3 passivated QCL 
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The laser crystal Tm:Ho:YbAG (Tm3+:Ho3+:Yb3Al5O12) demonstrates high laser efficiency in 2 um 
spectral range [1]. In this report spectroscopic properties and luminescent lifetime of this crystal are 
studied.  
The Tm:Ho:YbAG crystal was grown by the Czochralski method from an iridium crucible. The 
concentration of Tm3+ and Ho3+ ions in the active elements was 6,4% and 0,8%, respectively. 
Luminescence spectra in IR-region under 794 nm pumping were recorded. Pump power density was 
varied from 0,3 to 9,5 kW/cm2. Pump beam was modulated by mechanical chopper with frequency 
from 2 to 200 Hz. IR-region of luminescent spectrum is shown in Fig.1. 
For luminescent lines located at 1634 nm, 1750 nm, 2096 nm, 2126 nm and 1034 nm the phase-
frequency response was analyzed to calculate decay times of tested lines. Line wavelengths were 
chosen to assure not overlapping of luminescence of different type of ions. At 1634 and 1750 nm only 
Tm3+ ions radiate, at 2096 and 2126 nm - only Ho3+ ions, at 1034 nm - Yb3+ ions. Phase-frequency 
response of Tm and Ho luminescence indicate 2-poles of transfer functions which is correspond to 
cascade excitation of Ho ions and equilibrium between Tm an Ho due to sharing of excitation energy 
[2]. Decay times depends on pumping power density and have typical values near 1,5 ms for fast 
component and 2,5-4,5 ms for slow component as it is shown in Fig.2. Decay time of Yb3+ ions, 
recorded at 1034 nm, was single-pole and independent on pumping power density and it is equal to 2,1 
ms. Decay times were calculated by means of fitting the phase -frequency response by arctan - 
functions [3]: φ=arctan(2π F t1)+ arctan(2π F t2) for two -poles transfer function and φ=arctan(2π F t1) 
- for single pole transfer function. (φ - phase shift, F - modulation frequency t 1,2 - decay times). 
There was not detected significant up-conversion radiation in the visible region. Dependencies of 
luminescent intensities and decay times on pumping power density were obtained.  
 

 
 

Fig.1 Luminescent spectrum in 2 um region. Red lines indicate 
wavelengths of analyzed spectral lines.  

Fig.2 Phase frequency response of 2096 nm luminescent line at 
different pump density.   

This work was supported by the Russian government in the frame of Program of RAS. 
 
[1] Yu.D. Zavartsev, A.I. Zagumennyi, Yu.L. Kalachev, S.A. Kutovoi, V.A. Mikhailov, I.A. Shcherbakov, “Lasing in a Tm:Ho:Yb3Al5O12 
crystal pumped into the 3H6 – 3F4 transition”, Quantum Electronics vol. 46 (3), pp. 189 – 192, (2016) 
[2] B. M. Walsh, N. P. Barnes, B. Di Bartolo, "The temperature dependence of energy transfer between the Tm 3F4 and Ho 5I7 manifolds of 
Tm-sensitized Ho luminescence in YAG and YLF", Journal of Luminescence vol. 90, pp. 39-48, (2000). 
[3] R.C .Dorf, R.H. Bishop, “Modern control system/Twelth edition”, Pearson Education, Inc., Upper Saddle River, New Jersey 07458, 
chapter 8, (2011) 
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The purpose of this study was: 1) to determine the optical characteristics of GGAG:Ce crystals co-
doped: Sc;  Sc+Ca; Mg by optical spectrophotometry on the UV-Vis-NIR spectrophotometer Cary-
5000 (Agilent Technologies) with the accessory  “UMA” and the luminescent characteristics; 
2) to establish the influence of partial substitution of cations Al and Ga cations of Sc, Mg and Ca +Sc 
on  optical and luminescent properties of GAGG:Ce   crystals .   
These crystals are of the cubic structure, sp. gr. Ia3d. GGAG:Ce is proposed for use in medical 
visualization equipment as a sensor element in a positron emission tomograph (PET).  
Cerium-doped gadolinium–gallium–aluminum garnet (Gd3Al2Ga3O12:Се, GGAG:Се) is a promising 
new scintillation material which was synthesized for the first time in 2011 [1]. 
Оptical properties of GGAG:Ce crystals co-doped  with Sc;  Sc+Ca ; Mg  virtually unexplored. These 
crystals were grown at “Fomos-Materials” Ltd. by the Czochralski method on an upgraded Kristall-3m 
system. The initial material for growth was a stoichiometric charge prepared by solid-phase synthesis 
from a mixture of initial oxides with the purity of 99.99%. The crystals were grown from an iridium 
crucible 80 mm in diameter in a mixture of argon with 1–2% of oxygen. 
The spectral dependences of the transmission coefficients of these materials were  obtained under 
normal incidence of naturally polarized light in the wavelength range of 250–800 nm; where three 
absorption bands can be observed: in the range of  λ ~ 420–460 and near λ ~ 340 and 270 nm. Co-
doping with Sc;   Sc+Ca; Mg shows decrease in transmission in the range of λ ~275-375 nm. 
The band disappears almost completely for the crystals co-doped with   Mg. The half-width of the 
main transmission band (λ ~ 350-450 nm) decreases sharply for co-doped crystals.  The main band is 
shifted to the long wave region for crystals co-doped Mg. 
We obtained spectra of thermostimulated luminescence upon the UV range energy excitation at 
temperature range of 77 – 500 K for GAGG:Ce,Ca and GAGG:Ce, Sc +  Ca crystals. 
The reflectance and transmittance spectra were measured for p-, s-polarized light in the wavelength 
range of 250–800 nm at the angle of light incidence of 10º– 75° with a step of 5°; based on these data, 
the spectral dependences of the absorption coefficient were calculated taking into account the 
reflection. In order to obtain the refractive indices we use two spectrophotometric methods: 
a) definition the Brewster angles; b) measurement of the reflection spectra from one surface at the 
angle of incidence close to normal of GGAG:Ce crystals [2]. 
We calculated the refractive indices, plotted the dispersion dependence, and approximated the 
experimental data using the Cauchy equation. The refractive indices are listed in Table 1. 

 
Table 1. Refractive indices n 

 
Сrystals λ =370 nm λ =400 nm λ = 450 nm λ =589 nm λ =650 nm 

Gd3Al2Ga3O12: Се 1.949 1.915 1.899 1.895 1.891 
Gd3Al2Ga3O12: Се Sc 1.923 1.916 1.909 1.905 1.904 
Gd3Al2Ga3O12: Ce, Sc+ Ca 1.936 1.903 1.897 1.893 1.890 
Gd3Al2Ga3O12: Се, Mg 2.012 1.914 1.904 1.888 1.887 

 
[1] K. Kamada, T. Yanagida, T. Endo, et al., 2-inch size single crystal growth and scintillation properties of new Scintillator; 
Ce:Gd3Al2Ga3O12” IEEE Nuclear Science Symposium Conference Record., pp. 1927 , (2011). 
[2] N. S. Kozlova, O. A. Busanov, E. V. Zabelina, A. P. Kozlova, and V. M. Kasimova Optical Properties and Refractive Indices of 
Gd3Al2Ga3O12:Се

3+ Crystals, Crystallography Reports,  vol. 61, No. 3, pp. 474–478, (2016) 
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Today, many neoplastic lesions are unnoticed due to the lack of effective and minimally invasive 
methods of detecting early changes in the tissues of internal organs, such as cervical neoplasmes, as 
well as of the possibility of combining fluorescence imaging of tissue in the red with the usual 
endoscopic image in white light. A dual-channel laser endoscopic video system for fluorescence 
monitoring with enhanced depth probing, applicable in the conditions of blood presence and with the 
function of quantifying the concentration of the photosensitizer has been developed. By using the 
system extended diagnostic depth and numerical estimation of photosensitizer concentration were 
achieved. Moreover the overlay mode provides fluorescence visualization right on top of the real-time 
image in natural colors.  
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The liquid crystal display (LCD) panels and mobile phones can become defective as a result of the 
defective raw materials and industrial liquid resins, since the refractive index of LCD panels can be 
changed due to internal micrometer range substances, which are formed as a result of defectiveness 
and the insufficient solidification of industrial liquid resins. Numerous studies have been performed 
frequently using visual inspection methods and machine vision inspection techniques with charged 
coupled devices (CCD) for the defect detection of the topography, which suffer from inaccurate 
detection of internal cross-sections [1]. Hence, a reliable and accurate process inspection method is 
the most essential requirement to reduce the defects of the final product, which is capable of 
identifying defective raw materials and industrial resins prior to the manufacturing process. To 
overcome the diagnostic limitations, alternative non-invasive inspection techniques have gained an 
enormous attention. In this study, we utilized the non-destructive and high-resolution optical imaging 
technique called optical coherence tomography (OCT) to demarcate and numerate defects of 
industrial liquid resins of LCD display production [2, 3]. An incorporate assessment of the resin 
hardening rate and the stiffness of various liquid resins was performed by integrating a commercially 
available powerful analytical optical tool called fluorescence detector based UV hardening system to 
enhance the competence of the proposed inspection protocol. Thus, the incorporated assessment of 
OCT and fluorescence detector can be considered as a potential method of cost saving in LCD 
industry to obtain an immediate quality improvement of the final product. 
 
  
Reference  
 
[1] Kim, S.-H., J.-H. Kim, and S.-W. Kang, Non-destructive defect inspection for LCDs using optical coherence tomography. Displays, 2011. 
32(5): p. 325-329. 
[2] Prykäri, T., et al., Optical coherence tomography as an accurate inspection and quality evaluation technique in paper industry. Optical 
review, 2010. 17(3): p. 218-222. 
[3] Tsai, M.-T., et al., Optical inspection of solar cells using phase-sensitive optical coherence tomography. Solar Energy Materials and Solar 
Cells, 2015. 136: p. 193-199. 
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Black phosphorus (BP), a new promising layered-material, has unique optical properties such as the 

direct bandgap and layer-dependent energy gap. [1] Particularly, anisotropic characteristics of BP are 

gaining more interests recently and expected to contribute in future optical device applications. One of 

the most important and direct works in understanding its anisotropic optical behavior is to specify the 

polarization dependent refractive index. 

In this work, a few-layered BP is produced by mechanical exfoliation method. We confirmed by AFM 

that the thickness of the BP we studied is ~ 8 nm. To find the precise refractive index, we construct the 

experimental setup enabling to measure the reflected and transmitted light intensity through sample 

simultaneously. Transfer matrix theory is chosen for calculation of refractive index because of multi-

layer structures of BP/quartz. With this technique, we obtain the complex refractive indices of BP as a 

function of wavelength at two different light polarizations. The polarization directions are determined 

as the maximum and minimum transmittance, which are aligned with zigzag and armchair direction of 

BP, respectively [2]. 

It is demonstrated that real part of refractive index exhibits no significant change from zigzag to 

armchair direction. However, the imaginary part of the refractive index in the armchair direction is 

always larger than the one in the zigzag direction in a range from 500 nm ~ 850 nm. It indicates that the 

absorption of light in the armchair direction is greater than the one for latter. We also show that relative 

imaginary refractive change (Δκ/κzigzag) at 550 nm is the largest in the visible region. Δκ (κarmchair - κzigzag) 

is difference of the imaginary part of refractive index between armchair and zigzag direction. Such 

anisotropic absorption characteristics can be utilized in various nonlinear optics fields and technical 

applications for laser. [3] Moreover, the technique to calculate refractive index obtained from 

transmittance and reflectance spectroscopy can be applied to the optical analysis of other layered 2D 

materials as well. 

 

 

 

 
[1] X. Fengnian and W. Han, Two-dimensional material nanophotonics, Nature Photonics, 8, 899-907, (2014). 
[2] M. Nannan, T. Jingyi, Optical Anisotropy of Black Phosphorus in the Visible Regime, J.Am.Chem, 138, 300-305, (2016) 
[3] Li. D, Juusila. H, Polarization and thickness dependent absorption properties of balck phosphorus: new saturable absorber for ultrafast 

pulse generation, Scientific Report, 5, 15899 (2015) 
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Black phosphorus (BP) is in the spotlight as a new 2D-material because BP has direct band gap energy 

varying with the layer number, high carrier mobility, and anisotropic properties. Especially, BP has two 

in-plane crystal axes, which are called “armchair” and “zigzag” direction and exhibits highly anisotropic 

properties such as anisotropic optical absorption, carrier mobility, and refractive index. 

In this experiment, we used a Ti: shappire laser with a center wavelength of 780 nm, 19 nm FWHM, 

61 fs pulse duration and 148 μJ/cm2 pump power to investigate the optical response of the BP. The 

direction of crystallization of BP is confirmed by polarization dependent transmittance measurement 

[1, 2]. We perform one color pump probe  measurement and carry out pump and probe polarization 

dependent experiment using λ/2 plate to change of the light polarization. 

One-color pump probe results show transmittance change with time delay. The periodic lattice 

vibration with time from the transmittance change data is obtained through smoothing and FFT and We 

obtained 10.84 and 13.96 Thz phonon frequency corresponding to A1
g and A2

g phonon mode. 

The phonon mode shows different intensity depending on the polarization of incident light. We change 

the polarization directions of the pump and the probe and confirm that the A1
g and A2

g modes have 

dependence on the incident lights polarization [3]. We experimented with changing the temperature and 

found that the phonon frequency decreased and the dephasing rate increased with temperature. We also 

experimented with increasing pump power and found that the phonon frequency decreased and the 

dephasing rate increased. As a result, we found that the increase in dephasing rate with pump power 

were induced due to the phonon-carrier interaction rather than due to the optical heating of the sample. 

 
[1] Diao Li, Henri Jussila, Polarization and Thickness Dependent Absorption Properties of Black Phosphorus: New Saturable Absorber for 

Ultrafast Pulse Generation, Scientific Reports 5, (2015) 
[2] Xi Ling, Anisotropic Electron-Photon and Electron-Phonon Interactions in Black Phosphorus, Nano Lett., 16, 2260–2267, (2016) 

[3] Jungcheol Kim, Jae-Ung Lee, Jinhwan Lee, Anomalous polarization dependence of Raman scattering and crystallographic orientation of 

black phosphorus, Nanoscale, 7, 18708-18715, (2015). 
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The method of laser induced breakdown spectroscopy (LIBS) was used to investigate intensive lines 
of sodium, calcium in the dissolved solutions under the action of ultrasound at two frequencies of 10.7 
kHz and 60 kHz. To excite optical breakdown in water the Nd:YAG laser was used. The parameters of 
laser pulses were so: the wavelength of 532 nm, the pulse duration of 10 ns and pulse energies of up to 
180 mJ (in a modulated Q-mode). Acoustic radiation was generated within of cylinder transducers using a 
digital generator and powerful amplifier with the maximum amplitude of 100 kPa. For synchronization of 
acoustic and optical radiation, the generator of delays was used and so the problem of synchronization of 
acoustic and optical radiation was solved successfully. The change of the time delay for the control pulses 
allows synchronizing the time of maximum expansion or compression of the liquid under the acoustic 
pulses action which gives rise the optical breakdown. 

The additional influence of ultrasonic radiation on the process of laser breakdown was studied. The 
increasing of the intensity of the line under the influence of ultrasound was observed at all concentrations 
of the used solutions. It was shown that the phase of the acoustic impact has a great significance for the 
rate of ultrasound action on the dynamics of the cavity in liquid. To increase the efficiency of combined 
effects it was important that the process of laser breakdown and ultrasonic tension would be in-phase. As a 
result, it was shown that under the influence of ultrasound the strong strengthening of the intensity of 
spectral lines of elements dissolved in aqueous solutions of NaCl, NaHCO3, and CaCl2 was observed. 

The obtained results indicate the possibility of increasing the efficiency of laser-induced breakdown 
spectroscopy of liquid in the ultrasound field and allow you to talk about the possibility of application of 
ultrasound in technology LIBS - a kind of new combined method for ultrasonic laser-induced breakdown 
spectroscopy (ULIBS). 

This work was supported by the Russian Science Foundation (agreement #14-50-00034) and Russian 
Foundation for Basic Research (project 16-02-00841 a, project 17-02-00561 a). 

Fig.1. The line intensity I of the sodium without the use of ultrasound (1) and with using (2) for 
different concentration of NaCl solution: a) 10 % ; b) 3.5 % 

[1] A.V. Bulanov, I. G. Nagorny. // Proc. SPIE 10176 (2016); doi: 10.1117/12.2268161; 
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Optical methods are widely used for medical diagnostics and therapy, including their combination, i.e. 
theranostics  [1,2].  Photoluminescence  (PL)  spectroscopy  and  microscopy  of  nanoparticles  (NPs) 
introduced into cancer cells and malignant tumors represent examples of bioimaging diagnostics [3,4]. 
Recently,  different  linear  and  non-linear  optical  methods  such  as  the  PL  microscopy,  Raman 
scattering, coherent anti-Stokes scattering, two-photon excited PL etc. were applied to monitor uptake 
and dissolution of silicon nanoparticles  (SiNPs)  in cancer  cells  in vitro [4-9].  SiNPs prepared by 
different physical and chemical methods [4-6] were found to be non-toxic, biodegradable and possess 
a lot of the physical and biochemical properties, which can be used for biomedical applications [5-
12]. In  our work SiNPs were formed by (1) laser  ablation of c-Si targets at low pressure helium 
atmosphere and (2) electrochemical etching of c-Si wafers followed by mechanical grinding of the 
prepared porous Si layers in a ball mill. The prepared nanoparticles and their aqueous suspensions 
were studied by means of the linear and non-linear optical spectroscopy and were analyzed as active 
agents  for  cancer  theranostics.  The  PL properties  of  microporous  and  laser-ablated  SiNPs  were 
explored for the bioimaging of cancer and normal cells. Porous SiNPs were found to be efficient 
sensitizers for the phototherapy (photodynamic and photothermal) of cancer. Porous and laser-ablated 
SiNPs  suspended  in  aqueous  media  have  been  tested  as  sensitizers  for  radio-frequency 
electromagnetic hyperthermia  [10]  and sonodynamic  therapy [11] of  cancer.  The obtained  results 
demonstrate prospects of the optical diagnostics of SiNPs for cancer theranostic applications.
The  work  was  partially  supported  by  the  Russian  State  Programs  for  Universities  (projects 
16.2969.2017/ПЧ and 16.7917.2017/БЧ).     

[1] S. P. Morgan, F. R. Rose, S. J. Matcher, Optical Techniques in Regenerative Medicine. CRC Press (2013).
[2] S. S. Kelkar, Th.M. Reineke, Theranostics: Combining Imaging and Therapy, Bioconjugate Chem., vol. 22, pp.1879–1903 (2011).
[3] L. A. Osminkina, K. P. Tamarov, A.P. Sviridov, R.A. Galkin, M.B. Gongalsky, V.V. Solovyev, A.A. Kudryavtsev, V.Yu Timoshenko, 

Photoluminescent biocompatible silicon nanoparticles for cancer theranostic application, J. Biophotonics, vol.5, pp.529–535 (2012).
[4] M. B. Gongalsky, L.A. Osminkina, A. Pereira, A. A. Manankov, A. A. Fedorenko, A.N. Vasiliev, V. V. Solovyev, A. A. Kudryavtsev, M. 

Sentis, A. V. Kabashin, V.Yu.Timoshenko. Laser-synthesized oxide-passivated bright Si quantum dots for bioimaging, Sci. Rep., vol.6: 
24732, pp.1-8 (2016).

[5] A. V. Kabashin, V. Yu. Timoshenko. What theranostic applications could ultrapure laser-synthesized Si nanoparticles have in cancer? 
Nanomedicine, vol.11(17), pp. 2247-2250 (2016). 

[6] L.A. Osminkina, V.Yu. Timoshenko, Porous Silicon as a Sensitizer for Biomedical Applications, Mesopor. Biomat., vol.3, pp.39-48 
(2016).

[7] E. Tolstik, L.A. Osminkina, C. Matthäus, M. Burkhardt, K.E. Tsurikov, U.A. Natashina, V.Yu. Timoshenko, R. Heintzmann, J. Popp, V. 
Sivakov.  Studies  of  Silicon  Nanoparticles  Uptake  and  Biodegradation  in  Cancer  Cells  by  Raman  Spectroscopy,  Nanomedicine: 
Nanotechnology, Biology & Medicine, vol.12, pp.1931–1940 (2016).

[8] E. Tolstik , L.A. Osminkina, D. Akimov, M.B. Gongalsky , A.A. Kudryavtsev , V. Yu. Timoshenko, R. Heintzmann , V. Sivakov, J. Popp, 
Linear and Non-Linear Optical Imaging of Cancer Cells with Silicon Nanoparticles, Int. J. Mol. Sci., vol.17:1536,  pp.2-14 (2016). 

[9] V. Yu. Timoshenko, Porous Silicon in Photodynamic and Photothermal Therapy, In  “Handbook of porous silicon”, Ed. L. Canham, 
Springer Publ., pp. 929-936 (2014).

[10] K.P. Tamarov, L.A. Osminkina, S.V. Zinovyev, K.A. Maximova, J.V. Kargina, M.B.Gongalsky, Yu. Ryabchikov, A.Al-Kattan, A.P. 
Sviridov, M. Sentis, A.V. Ivanov, V.N. Nikiforov, A. V. Kabashin, V. Yu. Timoshenko. Radio frequency radiation-induced hyperthermia 
using Si nanoparticle-based sensitizers for mild cancer therapy, Sci. Rep., vol.4 :7034, pp. 1-7 (2014).
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An overview of the current state of the literature and research performed by the authors of the present 
work on the experimental results on the structural-, optical-, nonlinear optical (NLO)- properties of 
nanoparticles (grown via sonication) of 2-D Gallium Selenide (GaSe) will be presented. Studied 
properties are important for development of different devices by using these nanoparticles. 

Nanoparticles reveal highly effective NLO properties: high transparency range (1.0-
absorption coefficient in the transparency range (less than 1 cm-1); high NLO coefficient (not less than 

/V); high power optical damage threshold for different laser lines ( = 1.06; 2.36; 2.54; 5.3 
It is shown that with decreasing the nanoparticles size (starting from 50 nm in 

diameter): transparency range shifts to blue range of spectra; NLO coefficient and damage threshold 
for different laser lines slightly increases; threshold power for visualization of 
Nd:YAG laser decreases; room-temperature exciton position shifts to lower wavelength with 
decreasing the size of nanoparticles. 

Results obtained are discussed by using different models considered in the present research. 
Perspectives for future research of GaSe nanoparticles are also considered in the present research, 
which does not pretend to be one summarizing all existing papers on nanoparticles of GaSe and 
discussed subject.

Figure.Room-temperature frequency position of rigid layer mode of GaSe in dependence on particle 
size.  Spectra were excited with 632 nm (30 mW) of HeNe laser line in confocal geometry.
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Kerr frequency combs are generated by coupling a cw laser and High-Q microresonator that 
converts the initial pump frequency into a broadband frequency comb by cascaded four-wave mixing 
processes [1]. Microresonator-based frequency combs are widely employed in various applications 
where high power per comb line and high repetition rate are important, e.g.in precision frequency 
metrology, highly multiplexed spectroscopy, fiber telecommunications and many others [2]. Pump 
threshold power is determined by Q-factor and can be reduced to sub-mW level. It was shown that the 
integrated group velocity dispersion (GVD) of the microresonator plays an important role in the 
possibility of comb generation, because phase-matching condition for four-wave mixing processes 
impose severe restrictions on the microresonator dispersion [3]. Generation of frequency combs in the 
normal GVD region has been actively explored in recent years and  has  been demonstrated 
experimentally, but has been less well studied.

New way to comb generation in normal GVD was opened due to the interplay between Kerr 
and Raman effects [4]. Stimulated Raman scattering and four-wave mixing process are the most 
important effects associated with the cubic nonlinearity of the resonator. However, the influence of 
Raman effect on frequency combs characteristics was studied mostly for anomalous GVD. In this work,
we offer theoretical approach based on coupled-mode equation to study interaction between Kerr and 
Raman effects in whispering-gallery mode microresonators and experimentally demonstrated the 
generation of an optical frequency comb in the Raman scattering band (Fig 1). The proposed approach 
allows to describe the dynamics of the frequency comb generation in the Raman scattering band and to 
take the characteristics of the resonator dispersion into account. We demonstrated numerically that 
stimulated Raman scattering may provide generation of optical frequency comb in normal GVD region. 
The relevance of the theoretical model is confirmed by the experimental results.

Fig 1. Experimental spectrum for comb generation in magnesium fluoride microresonators pumping at 1300 nm for FSR of 12.1 GHz and 
Q-factor of .

This work was supported by RFBR grant 17-02-00522.

[1] P. Del’Haye, A. Schliesser, O. Arcizet, T. Wilken, R. Holzwarth, and T. J. Kippenberg. Optical frequency comb generation from a 
monolithic microresonator. Nature, 450(7173):1214–1217, 2007.
[2] T. J. Kippenberg, R. Holzwarth, and S. A. Diddams. Microresonator-based optical frequency combs. Science, 332(6029):555–559, 2011.
[3] T. Herr, V. Brasch, J. D. Jost, I. Mirgorodskiy, G. Lihachev, M. L. Gorodetsky, and T. J. Kippenberg. Mode spectrum and temporal soliton 
formation in optical microresonators. Phys. Rev. Lett., 113(12):123901, 2014.
[4] Yanne K. Chembo, Ivan S. Grudinin, and Nan Yu. Spatiotemporal dynamics of Kerr-Raman optical frequency combs. Phys. Rev. A, 
92:043818, Oct 2015.
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The Laser projection display (LPD) system has a lot of merits such as colour gamut, brightness, 
dynamic range, contrast, light source lifetime, mercury free, and low power consumption compared 
with traditional display systems [1]. But, highly coherent of the laser light bring about the speckle 
noise [1,2]. In addition, the spectral bandwidth of the second harmonic generation (SHG) beam is 
narrower than that of the fundamental beam. The speckle of SH is more seriously than fundamental 
beam due to the narrow spectral bandwidth. Many scientists have been making an effort to reduce the 
speckle noise by mechanically moving the screen, inserting the diffractive optical elements(DOE), 
spectrum broadening etc. [1,2]. In our previous study, we demonstrated that the apodized step-chirped 
grating quasi-phase matching (QPM) device could reduce the speckle contrast [3]. In this letter, we try 
to overcome the speckle noise problem by a combination of the spatial distribution and the spectrum 
broadening using the multi-channel chirped (MCC) QPM devices. In order to generate the spatial 
distribution of the SHG beam, we designed the multi-channel QPM devices. The MCC QPM channel 
consisted of two apertures with 10um width and three subchannels of which widths were 100um, 
200um, and 100um respectively. The MCC QPM device had chirped period. The QPM period 
distribution was from 7.69 to 7.96 um with an interaction length of 4.5 mm. We made SHG 
experiment set-up using the Yb-doped fiber laser. The laser has a center wavelength of 1064 nm, 
FWHM bandwidth of 10 nm, the repetition rate of 27 MHz and pulse duration of 290 fs. First, we got 
a reference data of single grating uniform PPLN whose period is 6.7um in the experimental set-up. 
We measured the spectral bandwidth of 1.1nm with a clear circular beam shape of the SHG green by 
the reference PPLN. Second, the MCC QPM generated SHG with a center wavelength of 532nm and 
FWHM bandwidth of 2.8 nm with the far-field patterns shown in figure 1(a). Figure 1(b) show that 
the far-field pattern was generated by interference of sub QPM channel like the double-slit 
interference experiment. In addition, we measured the speckle pattern using the CCD camera of 
reference PPLN and MCC QPM. The experimental condition was set to be as similar as possible to 
human eyes response. The speckle contrast was calculated by the standard deviation of the SH 
intensity over the average intensity of SH. The PPLN and MCC QPM had the speckle contrast of 
47 % and 16 % respectively. We confirmed by 31 % reduction of speckle contrast due to the MCC 
structure. 

 
Fig. 1 (a) CCD image of SH beam pattern and its horizontal line profile graph. (b) Magnification graph of 
horizontal line profile of the SH interference pattern 

In summary, we suggested the MCC QPM structures for broadening the spectral bandwidth and 
spatial distribution. We demonstrated that the MSC QPM generated far-field interference patterns and 
broadband SH spectrum. Furthermore, we confirmed the reduction of speckle noise. 
 
[1] M. N. Akram and X. Chen, Speckle reduction methods in laser-based picture projectors, Opt. Rev. 23, 108 (2016) 
[2] J. W. Goodman, Speckle Phenomena in Optics: Theory and Applications (Roberts, Colorado, 2007) 
[3] N. E. Yu, J. W. Choi, H. Kang, D.-K. Ko, S.-H. Fu, J.-W. Liou, A. H. Kung, H. J. Choi, B. J. Kim, M. Cha, L.-H. Peng, “Speckle noise 
reduction on laser display via a broadband green light source,” Opt. Express, 22(3), 3547 (2014) 
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Indium tin oxide (ITO) is broadly used as transparent conductive electrodes (TCEs) in diverse areas 
including light-emitting diodes (LEDs), organic LED (OLED) and solar cell due to its excellent 
electrical and optical properties. But,its pricehas been increasing every year due to a limited supply of 
indium and increasing cost of mining and refinement. To replace that problem, manyresearch on TCEs 
have been reported such asoxide/metal/oxide (OMO) structure, conductive polymers andmetal 
nanowire; however, these approaches still remain challenging due to a trade-off relationship between
optical transmittance and electrical conductivity [1, 2]. 

In order to overcome this problem, our group introduced the so-called ‘glass electrodes’ which is 
oxide/nitride-based materials with a high optical transmittanceandelectricalproperty. The electrical 
property of glass electrodes was obtained by using electrical breakdown (EBD) process, which is a 
sensitive technique because it may affect the performance of optical devices, even destroy devices. 
Therefore, the researchonreducing the electrical damages caused by EBD process such as using a 
buffer layer under the glass electrode layer [3] and rod-shaped (not planar-shaped) glass electrodes for 
confining the areaof EBD process have beenreported, but there have been few reports on the 
fundamental solution to this issue. 

In this work, we studied the effect of the number of EBD process on electrical and optical properties 
of blue micro-LEDsdevice using 10-μm-AlNrod-shaped glass electrodes.As the number of EBD 
process was increased, the leakage current (@ -5 V) was increased while the optical output power was 
decreased. In addition, the leakage current flowing before turn-on voltage (@ 20 mA) was increased
when electrical damages was accumulated, which means that the micro-LED pixel is destroyed and no 
longer emits light. Therefore, we shown that the best number of EBD process for micro-LEDs with 
130 μm x 130 μm pixel is 6-time EBD process and weapplied it to micro-array-LEDs. As a result,the 
enhanced device performances compared to conventional ITO-based micro-array-LEDs was obtained.
More details including the glass electrode’s ohmic transport mechanism and real emission profiles of 
devices will be presented at the conference. 

[1] Y. M. Kim, T. I. Ryu, K.H. Ok, M. G. Kwak, S. M. Park, N. G. Park, C. J. Han, B. S. Kim, M. J. Ko, H. J. Son, J. W. Kim, Advanced 
Functional Materials, 25, 4580-4589, (2015).
[2] D. Y. Cho, Y. H. Shin, H. K. Kim, Y. J. Noh, S. I. Na, K. B. Chung, Troll-to-roll sputtered Si-doped In2O3/Ag/Si-doped In2O3 multilayer 
as flexible and transparent anodes for flexible organic solar cells, Journal of Vacuum Science & Technology A: Vacuum, Surfaces, and Films,
33, 021501(1)-021501(11), (2015).
[3] T. H. Lee, K. H. Kim, B. R. Lee, J. H. Park, E. F. Schubert, T. G. Kim, Glass-based transparent conductive electrode: Its application to 
visible-to-ultraviolet light-emitting diodes, 8, 35668-35677, (2016).
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Recently, there have been many research in multifunctional devices which combine two different device 
functions into a single device. One of them is the light-emitting diode (LED) with resistive random 
access memory (RRAM), so-called light-emitting memory (LEM). Many progresses have been 
achieved in LEMs, but non of them could actually manufactured because there are some obstacles on 
realizing the LEMs in an array in aspects of device complexity and performance. For example, the 
LEMs with three electrodes, which are for controlling the LED and RRAM unit independently [1], has 
different structure from the practical LED, so the increase in the device complexity would occur. The 
recently reported LEMs with defective active layers for emitting light and forming conducting filaments 
simultaneously [2] have exactly same structure to the practical LEDs, but many intended defects in the 
active layers unavoidably lead to the performance degradation.
We demonstrate novel type of LEMs using the RRAM structure as an n-type contact electrode of a GaN 
blue LED. Pt/ZnO/Pt unipolar RRAM structure is deposited on the mesa-etched n-type GaN. The 
RRAM unit works as an on/off switch of the LED as well as an electrode for current injection. RRAM 
has a planar structure, so we can easily maintain the entire structure of LEMs same as the practical 
LEDs without the degradation of device performance. So here, we actually realized the LEM array. The 
device shows I-V characteristics similar to those of typical RRAM after the forward voltage is over the 
threshold voltage of the LED. At the high resistance state (HRS), no light is emitted even if the voltage 
is over the threshold voltage, and at the low resistance state (LRS), the LED works normally. The current 
level is >1mA at LRS and <0.1uA at HRS at the operating voltage of 4V. The on/off ratio is 10,000:1, 
which shows great increase from that of previous reported LEMs, 100:1 [1].

[1] C.-W. Chang, W.-C. Tan, M.-L. Lu, T.-C. Pan, Y.-J. Yang, Y.-F. Chen, Electrically and optically readable light emitting memories, Scientific 
Reports, 4, 5121, 2014
[2] K. Zheng, J. L. Zhao, Z. H. Zhang, Y. Ji, B. B. Zhu, S. T. Tan, H. V. Demir, K. L. Teo, and X. W. Sun, An optically readable InGaN/GaN 
RRAM, IEEE Tans. Electron Devices, 63, 2328-2333, 2016
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Recently, there have been many studies onGaN-based micro light emitting diodes(micro 
LEDs),fabricated with typically square shapesand smaller sizesless than 50 m to achieve high 
efficiency, excellent heat dissipation, short carrier lifetime, etc.Thses micro LEDs can be applied in 
various fields such as micro display, visible light communication (VLC), and solid-state lighting and 
optogenetics.However, lateral micro LEDs have some limitations in terms of extraction 
efficiencybecause thelight emitting area(p-GaN) is covered by an electrode (typicall as wide 10 m)
for current injection. To solve this problem, Ag and Al reflectors that can reflect the light covered by 
the electrode have been used in some groups at the visible wavelength. However,the reflectance of 
Agwas drasically decreasedat ultraviolet (UV) wavelengthwhereas Al reflector did not form ohmic 
contacts to p-GaN because of its low work functon. They are not very suitable for p-type reflective 
electrodes.[1, 2] 

In this study, wereport UV micro LEDs having high extraction efficiency by insertinga distributed 
bragg reflector(DBR with conductivefilamentsof the same size as p-electrode between light-emitting 
area(p-GaN) and p-type electrode with a backside reflection scheme.Although the DBR has high 
reflectance at certain wavelengthdepending on the thickness,it is difficult to inject currents through the 
DBR because it is not conductive. So, we employed an electrical breakdown (EBD) technique to form 
conductive filaments (or current paths) for current injection into the DBR structure. The DBRconsisted
of three pairs ofAl2O3/TiO2layersunder Cr/Ni/Au electrodes, with which the reflectance was enhanced
up to 95 % whereas that of the Ag mirror was as low as 70% [3]. Details on the experimental results 
containing light output power will be presented at the conference 

[1]J. K. Sheu, I-Hsiu Hung, W. C. Lai, S. C. Shei, M. L. Lee, Appl. Phys. Lett. 93, 103507, (2008). 

[2] D. R. Lide, Handbook of Chemistry and Physics CRC, New York, 12–114,(2006). 

[3]K. Y. Ban, H. G. Hong, D. Y. Noh, T. Y. Seong Materials Science and Engineering B, 133, 26–29,(2006). 
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Recently, AlGaN-based deep-ultraviolet light-emitting diodes (DUV-LEDs) with emission wavelength 
from 227 nm to 280 nm are having considerable attention for a wide variety of applications, including 
sterilization, air and water purification, medical and biochemistry, UV curing. However, AlGaN-based 
DUV-LEDs still suffer from relatively low internal quantum efficiency (IQE) and light output power 
(LOP). These are attributed to a number of factors such as a severely bent downward conduction band 
at the last quantum barrier (LQB) /EBL interface due to the spontaneous and piezoelectric polarization 
field effect, electron leakage and poor hole injection efficiency [1], dislocation density as well as 
Auger recombination. To overcome such problems, various approaches have been proposed to 
improve the efficiency of AlGaN-based DUV LEDs. Hirayama et al. reported that varying the carrier 
confinement structures and characteristics such as multiquantum-barrier (MQB) electron-blocking 
layer (EBL) could increase the external quantum efficiency of DUV LEDs [2]. However, they 
reported that the IQE is not changed. 
In this study, we propose edge graded Al composition to the conventional MQB EBL of AlGaN-based 
DUV-LEDs and numerically analyzed using SimuLED simulation program to improve the IQE and 
LOP. It is important to efficiently confine the carriers in the multiple quantum well (MQW) and 
mitigate the severely bent downward conduction band at the LQB/EBL interface where electrons can 
accumulate and jump over or tunnel through the EBL. The IQE and LOP were significantly improved 
with the proposed structure. The improvements are attributed to field changing in the EBL so that the 
conduction band of the interface bends upwards, which makes electrons accumulate less, and 
improves radiative recombination rates resulting from enhanced hole injection and electron 
confinement within MQW. Details on the simulation results will be presented at the conference. 
 
 
[1] A. Khan, K. Balakrishnan, and T. Katona, Ultraviolet light-emitting diodes based on group three nitrides, Nature Photonics 2, 77-84, 
(2008). 
[2] H. Hirayama, Y. Tsukada, T. Maeda and N. Kamata, Marked enhancement in the efficiency of deep-ultraviolet AlGaN light-emitting 
diodes by using a multiquantum-barrier electron blocking layer, Applied Physics Express, 3, 031002, (2010). 
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In this study, we measured vending oscillation of microscale glass tube under optical microscope. We 

observed that resonant mechanical oscillation frequency of the micro glass tube changed by enclosing material 

in the micro glass tube. We could evaluate the change of the resonant mechanical oscillation frequency of the 

micro glass tube containing water or ethanol in micro glass tube respectively. Further, we enclosed UV 

curable resin (1) in the micro glass tube. Ultraviolet curing resin solidifies by irradiating ultraviolet rays 

(365nm) to cause photo-polymerization reaction. We observed the change in the resonant mechanical 

oscillation frequency of the micro glass tube depends on the change of ultraviolet irradiation time.The micro 

glass tube is made from silica glass. The diameter, wall thickness, and the length of the micro glass tube were 

27 µm, 3µm, 1.3cm, respectively. The micro glass tube is hollow. Contacted tip of the micro glass tube with 

water or ethanol could be enclosed in micro glass tube. We constructed confocal laser microscopic optical 

system to measure micro glass tube oscillation. In this system, continuous wave laser has wavelength 638nm. 

Laser beam was spread by beam expander which consists of a plano convex lens having focal lengths of 

50mm and 200mm. The laser beam was introduced in an optical microscope. An objective lens focused the 

laser beam onto the micro glass tube. Reflected light from a micro glass tube was collected by the same 

objective lens and reflected by beam splitter to photo-detector. The laser beam was detected by a 

photo-detector. Pinholes were put at the focus spots in the beam expander, and in front of photodetector, to 

construct a confocal optical system. The micro glass tube was fixed to sample stage of the microscope and 

sound wave was irradiated from the side of micro glass tube with speaker. We scanned sound wave frequency 

from 100Hz to 10000Hz and clearly measured the several resonant mechanical oscillation frequency of the 

micro glass tube. 

This work was supported by JST ERATO Grant Number JPMJER1304, JSPS KAKENHI Grant 

Nunber JP16H06505 in Scientific Research on Innovative Areas “Nano-Material Optical Manipulation”, and 

JSPS KAKENHI Grant Number JP16K04972, Japan. 
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nanorod aggregates microstructures assisted by two-photon polymerization.” OPTICS EXPRESS Vol. 19, pp. 

22786-22796(2011) 
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Nowadays, with the coming of the fourth industrial revolution, internet of things (IoT) focused on 
indoor devices (smart LED, sensor and switch, etc.) use battery or general electricity as their source of 
power. However, batteries have some limitations in lifetime and environmental problems. Low-
illuminance organic photovoltaics (OPVs) have received an attention as a suitable solution; they have 
light, flexible, and eco-friendly features. To improve the performance of these devices, it is important 
to obtain a transparent conductive electrode (TCE) with high transmittance and high conductivity [1]. 
However, most of the TCEs including conventional ITO, oxide-metal-oxide, conductive polymer, and 
graphene have a “trade-off” problem between these two exclusive properties [2]. Therefore, we could 
not help optimizing the two properties (or sacrificing one of the properties). For example, the use of 
thick ITO films is good for electrical conductivity but bad for optical transmittance. 
 
In this study, we report highly conductive thin ITO (HCTI) films that can overcome such a “trade-
off” problem, fabricated using an electrical doping (ED) method. According to the previous report [3], 
the electrical breakdown (EBD) induced a diffusion of top metal atoms such as Ni and Cr into the 
films below the metal. To allow such metal dopants to be incorporated in the thin ITO films without 
optical losses, we prepared an ITO/AlN/Cr/Ni structure and removed AlN/Cr/Ni layers after the ED 
process under electric fields. As a result, one of the 10-nm-thick ITO films (after the ED process for 

(>95%) in the visible region. This result shows the improvement by approximately 350% in electrical 
conductivity (or sheet resistance
Consequently, low illuminance OPVs using the proposed HCTI (10 nm) as a cathode exhibited 
increased a power conversion efficiency as compared to those with conventional ITO (150 nm). 
Details on the experimental processes and results will be presented at the conference.    
 
 
[1] M. Kasemann, K. Ruhle, L. M. Reindl, Photovoltaic Energy Harvesting under Low Lighting Condition , AMA conference, 483-485, 
(2013). 
[2] P. Kuang and J.-M. Park, W. Leung, R. C. Mahadevapuram, K. S. Nalwa, T. G. Kim, S. Chaudhary, K. Ho, K. Constant, A New 
Architecture for Transparent Electrodes: Relieving the Trade-Off between Electrical Conductivity and Optical Transmittance, Adv. Mater., 
23, 2469-2473, (2011). 
[3] T. H. Lee, K. H. Kim, B. R. Lee, J. H. Park, E. F. Schubert, T. G. Kim, Glass-Based Transparent Conductive Electrode : Its Application 
to Visible-to-Ultraviolet Light-Emitting Diodes, ACS Appl. Mater. Interface., 8, 35668-35677, (2016). 
[4] H. Peng and W. Dang, Topological insulator nanostructures for near-infrared transparent flexible electrode, Nature Chemistry, 4, 281-
286, (2012). 
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The plants and insects of the natural world grow micro-scale fibers/hairs to possess hydrophobic surface on 

their bodies. Hydrophobic surface is important for small plants and insects in their life. They keep their fragile 

bodies against surface tension of water droplets and their body surface clean [1,2]. We inspired such natural 

microstructures and artificially fabricated such periodic pillar arrays made of polymer. For the fabrication of 

periodic pillar structures, we developed laser interference exposure lithography system. We used a 

third-harmonic light of Nd:YVO4 ultraviolet laser, with its wavelength of 355nm, as the light source. The 

laser beam was expanded by a beam expander and was the size of 5 times. The laser beam was divided into 

four beams by a diffraction type beam splitter. The four laser beams were gathered by a pair of single lenses 

into one point, so that interference fringe exhibiting square-lattice light hot spots was formed. We put a 

photoresist film at the position where the laser beams were gathered, and exposed the film under the laser light. 

The photoresist was cured according to the interference pattern. The material of periodic pillar structures was 

SU-8(product made in Microchem). The material was ultraviolet rays hardening resin. SU-8 applied it 

uniformly by the spin coater. After the irradiation of the laser beam, SU-8 which was not irradiated dissolved 

by developing solution (propylene glycol monomethyl alcohol). After developing procedure, we obtained 

square-lattice polymeric pillar structures. The distance and tilting angle of the pillars can be tuned by the 

incident angles of four beams.  The thickness and the height of the pillars can be can be tuned by the 

exposure dose of laser beams, and the diameter of our prepared resist film, respectively.  By a single shot 

laser exposure for 0.3 seconds, we simultaneously fabricated an array of ~ 60,000 pillars with their diameter 

and the height of ~20 µm, and 3.5 µm, respectively, in a dimension of 4mm2.  We obtain contact angle is 

26° on the square-lattice polymeric pillar structures and 72° on the flat surface. Hydrophilic is enhanced by 

the square-lattice polymeric pillar structures. 

This work was supported by JST ERATO Grant Number JPMJER1304, JSPS KAKENHI Grant 

Nunber JP16H06505 in Scientific Research on Innovative Areas “Nano-Material Optical Manipulation”, and 

JSPS KAKENHI Grant Number JP16K04972, Japan. 
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Near-ultraviolet light emitting diodes (NUV LEDs) have potential applications in various 
industry, including white LEDs, UV curing, sterilization and etc. Many researchers have 
conducted to improve the overall efficiency of these devices. Increasing light extraction 
efficiency is important to improve the efficiency of LED. However, general LEDs can be emitting
in all directions, so some photons are lost due to downward emission. In addition, NUV LEDs has 
a low external quantum efficiency (EQE) problem. To solve this problem, in AlGaN-based NUV 
LEDs, researchers redesigned the LED structure, and fabricated with truncated cone structures,
distributed Bragg reflectors, omnidirectional reflectors [1, 2]. In particular, Al and Ag reflector
metals have been widely used. The Ag was regarded as a good reflector, but has poor thermal 
stability and reflectance in the UV region, whereas the Al exhibited higher reflectance than Ag in 
the UV region.
In this study, we proposed anAlN/Al backside reflector for AlGaN-based NUV LEDs, and 
continued to examine a light extraction mechanism for the AlN/Al reflector with surface 
roughness control of Al2O3. To enhance the light extraction efficiency, the surface roughness of 
Al2O3 backside should be reduced as much as possible. Moreover, an additional AlN/Al bilayer
was deposited on the backside of the lateral LED structure.The light extraction efficiency of the 
LEDs was enhanced by the reflectance of the backside reflector.The surface roughness treatments
with annealing processes may reduce the interface roughness and thusincrease the reflectance of
the AlN/Al reflector metals.A simulation of the backside reflector showedlight reflection by the 
Al layer and the trapping of the scattered light in the AlN layer.Details on the device performance 
will be presented at the conference.

[1] J. W. Lee, J. H. Park, D. Y. Kim, E. F. Schubert, J. Kim, J. Lee, Y. Kim, Y. Park and J. K. Kim, Arrays of Truncated Cone AlGaN 
Deep-Ultraviolet Light-Emitting Diodes Facilitating Efficient Outcoupling of in-Plane Emission, ACS Photonics, 3(11), 2030-2034,
(2016)
[2] H. Chen, H. Guo, P. Zhang, X. Zhang, H. Liu, S. Wang and Y. Cui, Enhanced Performance of GaN-Based Light-Emitting Diodes 
by Using Al Mirror and Atomic Layer Deposition-TiO2/Al2O3 Distributed Bragg Reflector Backside Reflector with Patterned 
Sapphire Substrate, Appl. Phys. Express 6, 022101, (2013)
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Achieving highly transparent and conductive electrode (TCE) in a broad spectrum is an ultimate 
goal for reserchers who are working with optoelectronic devices such as light-emitting diodes (LED), 
organic LEDs (OLED), and solar cells, etc [1, 2].Until now, several candidates such as indium-
dopedtin oxide (ITO), aluminium-doped zinc oxide (AZO) and silver nanowirehave been widely used 
as TCEs. However, it was difficult to develop such a TCE with high conductivity and transmittance
simultaneously because these two properties are mutually exclusive.For example, as the thickness of 
the TCE film is decrease, the transmittancewould be reduced in a broad spectrum includingthe UV 
region, but the conductivity (or sheet resistance) would be decreased (or increased).In addition, in the 
case ofoptoelectronic devicesthat require smooth charge carrier (electron or hole) injection into 
various organic/inorganic materials, doping on the TCEs is an important factor with regards to work 
function engineering. 

To solve these problems, our group has suggested and developed a novel electric-field-assisted 
doping treatment method to produce ultra-thin TCE films with both high transmittance owing to thin 
films and low sheet resistanceowing to electrical doping. The electric-field-assisted doping was 
performed via wide-bandgap materials such as AlN layersdeposited on the ultra-thin TCE. After the 
electrical doping process, wide-bandgap sacrificial materials were removed to form conductive 
filamentsin the ultra-thin TCE films, which improved the current injection and controlled the work 
function of ultra-thin TCE filmswhile maintaining its high optical transmittance.Finally we applied 
theseultra-thin TCEs to TCTA/TPBI-based green phosphorescent OLEDs as well as AlGaN-based UV 
LEDs, and confirmed their outstanding performance. Details on the electrical and optical propertiesof 
these devices will be presented at the conference.

[1] B.-J. Kim, C.Lee, Y.Jung, K. H.Baik, M. A.Mastro,J. K.Hite,C. R.Eddy Jr., J.Kim, Large-Area Transparent Conductive Few-
LayerGraphene Electrode in GaN-Based Ultra-Violet Light-Emitting Diodes, Appl. Phys. Lett. 99., pp. 143101, (2011).
[2] Han, T. H.; Lee, Y.; Choi, M. R.; Woo, S. H.; Bae, S. H.; Hong, B.H.; Ahn, J. H.; Lee, T. W. Extremely Efficient Flexible Organic Light-
Emitting Diodes with Modified Graphene Anode, Nat. Photonics, 6., pp. , (2012).
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Organic photovoltaic (OPV) cells have received great attention as renewable energy source due to its 
advantages including flexibility, low weight, low cost, and suitability for large-scale and mass 
production. In particular, flexible OPV cells have countless potentials to assemble on diverse products 
such as clothing, flexible window and backpack. In recent years, many technologies of highly flexible 
transparent conducting electrodes (TCEs) such as dielectric/metal/dielectric (D/M/D) for opto-
electronic devices, including OPV and various display, have been widely investigated. In particular, 
ZnO/Ag/ZnO multilayers have been extensively researched for OPV cells because ZnO have benefits 
including flexibility, cheap price and non toxic property. However, hiterto there are no reports having 
better power conversion efficiency (PCE) of OPV cells with ZnO/Ag/ZnO multilayers than that of 
indium thin oxide (ITO). For example, Vedraine et al. reported the OPV cells with a ZnO/Ag/ZnO 
anode having a PCE of 2.58%, while the OPV cells with a ITO anode having a PCE of 2.99%. And, 
T.-Y. Seong et al. reported the inverted OPV cells with a ZnO/Ag/ZnO cathode having a PCE of 
2.63%, while the OPV cells with a conventional ITO anode have a PCE of 2.71% [1, 2]. It is thought 
to due to low electrical conductivity of ZnO and work function miss match. 
 
In this work, we optimized electrical and optical properties of ZnO/Ag/ZnO cathode using RF-
magnetron sputtering system and two-dimensional finite-difference time-domain (FDTD) simulation. 
According to the optimized results in this work and previous researches of other groups, the thickness 
of ZnO have to be larger more than 30 nm to obtain high transmittance of ZnO/Ag/ZnO multilayers. 
However, the 30nm-thick ZnO is too resistive to transport current flow efficiently. Therefore, in order 
to minimize the resistance of ZnO deposited on Ag electrode, ZnO/Ag/ZnO multilayers were 
selectively deposited only in the active region, not in the electrode region for mesurement. Finally, we 
reported superior OPV cells with ZnO/Ag/ZnO cathode having a PCE of 5.20% better than OPV cells 
with reference ITO having a PCE of 5.09%. Furthermore, we also enhanced a PCE of OPV cells with 
ZnO/Ag/ZnO multilayers by enhance conductivity of ZnO on active region using electrical break 
down (EBD) process [3]. 
 
 
 
 
 
 
[1] S. Vedraine, A. El Hajj, P. Torchio and B. Lucas, Optimized ITO-free tri-layer electrode for organic solar cells, Org. Electron 14, 1122, 
(2013). 
[2] J. H. Kim, T.-W. Kang, S.-I. Na, Y.-Z. Yoo and T.-Y. Seong ITO-free inverted organic solar cells fabricated with transparent and 
low resistance ZnO/Ag/ZnO multilayer electrode, Current Applied Physics, 15, 829-832, (2015). 
[3] T. H. Lee, K. H. Kim, B. R. Lee, J. H. Park, E. F. Schubert and T. G. Kim, Glass-Based Transparent Conductive Electrode: Its 
Application to Visible-to-Ultraviolet Light-Emitting Diodes, ACS Applied Materials & Interfaces, 8, 35668 35677, (2016). 
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The development of devices that can be used in the terahertz band is inadequate compared to 
microwave or optical bands because the electrical and magnetic properties of natural materials are not 
suitable for use as devices in the terahertz band. Therefore, researches that utilize metamaterial as a 
device of terahertz waves are attracting much attention [1]. Metamaterials can make negative 
refractive index or transparent shape, which is a unique property that does not exist in nature, and 
research has been conducted in various fields [2]. It is important to increase the quality factor of the 
metamaterial in order to better utilize it as application devices. However, the radiation loss of the 
metamaterial in the resonance state has been a major limitation in increasing the quality factor, and a 
lot of research has been conducted on the asymmetric metamaterial to increase the quality factor by 
suppressing the radiation loss of the metamaterial [3]. In addition, securing the activity of 
metamaterials is very important to increase utilization of metamaterials.
In this study, we proposed an asymmetric split-loop resonator with an outer square loop (ASLR-OSL) 
based on VO2, which can actively control terahertz wave transmission properties while maintaining a 
high-Q factor of the asymmetric split-loop resonator (ASLR). The VO2 thin film, which exhibits an in
sulator-metal phase transition with temperature change, was deposited on the Si substrate for the activ
e control of ASLR. An outer square loop was added to the ASLR for the active control without any de
gradation of the Q-factor of the ASLR. The added outer square loop can perform both a resonant struc
ture and a micro-heater. The designed ASLR-OSL showed transmission characteristics similar to those
of the ASLR. The bias voltage directly applied to the added outer square loop can change the tempera

ture and the conductivity of the VO2. Accordingly, the transmission characteristics of ASLR-OSL was 
successfully controlled by simple bias engagement. Based on these results, an electrically controllable
terahertz high-Q metamaterial could be achieved simply by adding a square loop to the outside of a w

ell-known high-Q metamaterial.

[1] J. Valentine, S. Zhang, T. Zentgraf, E. Ulin-Avila, D. A. Genov, G. Bartal, and X. Zhang, “Three-dimensional optical metamaterial with 
negative refractive index,” Nature 455, 376-379 (2008).W.-K. Chen, Linear Networks and Systems (Book style). Belmont, CA: 
Wadsworth, 1993, pp. 123–135.

[2] M. Choi, S. H. Lee, Y. Kim, S. B. Kang, J. Shin, M. H. Kwak, K. Y. Kang, Y. H. Lee, N. Park, and B. Min, “A terahertz metamaterial 
with unnaturally high refractive index,” Nature 470, 369-373 (2011).

[3] C. Jansen, A. I. Al-Naib. Ibraheem, N. Born, and M. Koch, "Terahertz metasurfaces with high Q-factors,” Applied. Physics. Letters 98, 
051109 (2011).

Figure 1. The transmittances of an asymmetric split-loop resonator with an outer square loop (ASLR-OSL) according to the various
conductivity of VO2. The right bottom inset shows the schematic of an ASLR-OSL
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Anti-Stokes photoluminescence (ASPL) has been studied in numerous GaN structures [1], where the 
mechanism attributing to this phenomena has been mainly divided into two categories. In most of the 
cases, multi-photon absorption was considered as the dominant mechanism for ASPL in GaN [2], while
phonon-assisted absorption was also reported as the dominating mechanism, such as in GaN film at 
room temperature (RT) [3]. Here we newly considered the structural role of submicron scale pyramids 
to enhance ASPL. For the first time, we are reporting ASPL detection at RT from hexagonal GaN 
nanopyramids fabricated on GaN-based LED structure with InGaN/GaN MQWs, as shown in Fig. 1(a).
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Figure 1. (a) Schematic of GaN-based LED structure with GaN nanopyramids, (b) PL peak intensity for GaN as a function of laser power, 
where the colored lines resemble power fit to data. (c) Time-resolved photoluminescence spectra at room temperature, where the dotted line 

depicts the delay of the peak appearance corresponding to the laser.

We first measured PL at RT varying laser power at below bandgap excitation (3.1 eV), illuminating
both patterned and flat zone of the sample. Obtained pump power dependence of ASPL intensity for the 
peak at 370 nm in both cases has been illustrated in Fig. 1(b), from where it’s clearly evident that the 
ASPL intensity have been enhanced in nanopyramids compared to flat zone. Moreover, while patterned 
zone have been excited ASPL intensity shows almost linear dependence until the pump power reaches
30 mW and changes nonlinearly after that, though the flat zone excitation result don’t follow similar
trend. Such linear power dependence of ASPL is the characteristic for phonon-assisted absorption [3] 
and the following case supports multi-photon absorption mechanism [1]. Furthermore, to study phonons’ 
role in ASPL, time-resolved PL has been measured and the results are shown in Fig. 1(c) for both 
patterned and flat zone excitation. From Fig. 1(c) it is visible that there is a 68 ps of delay in TRPL 
signal appearance in case of patterned zone excitation, while in case of flat zone excitation the delay is 
about 84 ps. This delay could be interpreted as the propagation time for phonon to reach focusing point 
in nanopyramids and consequence in ASPL due to high intensity of phonons at focusing point, though 
this interpretation is needed to be studied further for precise understanding. Generation and observation 
of the propagating acoustic phonon dynamics in our sample were confirmed through pump-probe 
measurement with a frequency doubled Ti:Sapphire laser in the tuning range of 390-420 nm. This work 
could open up new opportunities for efficient removal of non-equilibrium phonons and optical cooling.

[1] Y.J. Ding and J.B. Khurgin, From anti-Stokes photoluminescence to resonant Raman scattering in GaN single crystals and GaN-based 
heterostructures, Laser & Photon. Rev., vol. 6, pp. 660-677, (2012).
[2] Y. Toda, et. al., Two-photon absorption and multiphoton-induced photoluminescence of bulk GaN excited below the middle of the band 
gap, Appl. Phys. Lett., vol. 82, pp. 4714-4716, (2003).
[3] S. K. Tripathy, Y. J. Ding and J. B. Khurgin, Anti-Stokes photoluminescence from n-type free-standing GaN at room temperature based on 
competition between phonon-assisted and two-photon absorption, Semiconductor Science and Technology, vol. 24 (5), pp. 1-5, (2009).
     This work was supported by GIST Research Institute (GRI) in 2017.
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Cancer is defined asa genetic and epigenetic disease involvingthe chemical and structural alteration of 
DNA. Because optical techniques measure overlappedand synthetic signals of materials, regardless 
of“ordering” features (such as the nucleotide order of a DNA sequence), it is difficult to sequencea
genome to detectcancerous genetic changes using optical techniques.For this reason, previous genome 
sequencing methods, such as nanopore sequencing, have usually used electronic techniques[1, 2]. This 
only serves to emphasizethe importance role of detecting cancerous epigenetic changes to DNA, 
whenthe optical molecular fingerprints of cancer are found.Aberrant DNA methylationisan epigenetic
modification, a well-known carcinogenic mechanism [3, 4], and a common chemical and structural 
modification of DNAthat does not change the DNA sequence. Terahertz wavescan be used to observe 
modificationstoDNA because the characteristic energiesof biomolecules occur in the terahertz region. 
We found resonance fingerprints of methylation in cancer DNAs using improved terahertz 
spectroscopic methods [5]. The terahertz characteristics of methylated cytidine, a nucleoside, were a 
clue toobserving the resonance fingerprints of DNA methylation. In aqueous solutions,we tracked and 
monitored the molecular resonances of genomic DNA from two control (293T, M-293T) and five 
cancer (PC3, A431, A549, MCF-7, SNU-1) cell lines, using freezing techniques and baseline 
corrections, as shown in Fig. 1 (a). The amplitudes of the resonance signals weredependent on the 
types of cancer cells the DNA had come from. These signals were quantified to identify cancer cell
types,and the results were similar to those of biological quantification methods (Fig. 1 (b)). This
research demonstrated that the molecular resonance fingerprints of cancerDNAsexist in the terahertz 
region,and they can be measured using advancedterahertz time-domain spectroscopy (THz-TDS) 
techniques. These results can be utilized to diagnoseearly cancer at the molecular level, and provide a
potential cancer biomarker. 

 
Fig. 1. (a) Resonance of normal and cancerDNA; (b) DNA quantification results. 
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CMOS Biosensor Using Picosecond Dynamics of Water Molecule
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About 70% of intracellular is dominated by water.  Various cellular functions and activities have been 
revealed by molecular biological approach.  Nevertheless, the role of intracellular water is still cloaked 
in mystery because bulk water dynamics with sub-picosecond and picosecond timescales have never 
directly probed by conventional experimental techniques.  THz time-domain attenuated total reflection 
(THz TD-ATR) spectroscopy based on femtosecond laser technology enables an understanding of the 
picosecond dynamics of the hydrogen bond network, giving us detail water molecular dynamics through 
the complex dielectric constant of solutions in THz region [1].  Recently, we also have succeeded in 
measuring the complex dielectric constant of the cultured cells on the ATR prism [2].  Since the 
penetration depth of the evanescent field (sample depth) in this technique is greater than the thickness 
of the cell monolayer, the contribution of the medium was removed by a two reflection interface model; 
cell monolayer as first component on the ATR prism and second component as liquid medium (Fig. 1).  
Fitting Debye-Lorentz function to the spectra enables discussions and characterization of the 
intracellular water dynamics.  Characteristic of dielectric constant in terahertz range originates from 
slow relaxation in hydrogen bond network of bulk water, fast relaxation of isolated water and 
intermolecular vibration between water molecules etc.  Experimental result demonstrated significant 
changes of intracellular water dynamics: decrease of hydrogen bond network and increase of isolated 
water molecule. Such analysis of intracellular water dynamics has potential for classification and 
quantification of cellular activity.
Such spectra information give us a chance to develop an unique sensor cell science. We have been 
developing CMOS array sensor working at 60 GHz and 120 GHz as a tool to collect quantitative cellular 
property in terahertz region [3].  More than 100 number of LC-oscillators designed for sub-THz range 
to capture change of dielectric constant originated from bulk water, are arranged in 2 dimensions 
periodically (Fig.2). The resonance frequency shifts by dielectric change just of the surface of the sensor, 
and is measured rapidly. Integration of the oscillators enables near-field imaging with high spatial 
resolution. In simulation and experiment, frequency shifts of the CMOS sensor agreed well with 
dielectric constant change of water and solution on the surface.  Difference of dielectric constant 
between living cell and liquid medium was also demonstrated.
This work was supported by JSPS KAKENHI Grant Numbers 16H05010, 16K18779, and Collaborative 
Research Based on Industrial Demand Program from Japan. Science and Technology Agency, JST. We 
are grateful to Mr. Iizuka, Mr. Yamanoue, Mr. Mitsunaka, Mr. Ashida, Mr. Ashida and Mr. Sato, Sharp 
Corporation for support of the research.

[1] H. Hirori, K. Yamashita, M. Nagai and K. Tanaka, Attenuated Total Reflection Spectroscopy in Time Domain Using Terahertz Coherent 
Pulses, Japanese Journal of Applied Physics, vol. 43, pp. 1287-1289, (2004).
[2] K. Shiraga, Y. Ogawa, T. Suzuki, N. Kondo, A. Irisawa and M. Imamura, Characterization of dielectric responses of human cancer cells in 
the terahertz region, Journal of Infrared, Millimeter, and Terahertz Waves, vol. 35, pp. 493-502, (2014).
[3] T. Mitsunaka, D. Sato, et al., CMOS Biosensor IC Focusing on Dielectric Relaxations of Biological Water With 120 and 60 GHz Oscillator 
Arrays, IEEE Journal of Solid-State Circuits, vol. 51, no. 11, pp. 2534-2544, (2016).

Fig. 1 Schematic illustration of THz TD-ATR spectroscopy 
with the two-interface model. Fig. 2 Schematic structure of CMOS sensor.
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The cornea is of the great importance among the other eye refractive structures. The cornea maintains 

the most eye’s refractive power and provides the visual function. The clarity of corneal tissue is 

vitally important for this function and strongly dependent on its tissue hydration level. This level is 

regulated by internal eye mechanisms and in the most cases varies from 78% to 80% by volume [1]. 

The change of hydration level even for a few percents may indicate various possible corneal diseases 

related to the restructuring and swelling of the various cornea layers, tear film and epithelium / 

endothelial integrity [2]. 

The THz radiation has a great potential for development of corneal tissue hydration monitoring 

techniques. At first, there is very high sensitivity of this radiation to water content in biological 

tissues. At second, due to non-invasive nature of the THz radiation the technique might be used for in-

vivo sensing. And last, but not least, there is high homogeneity of water distribution in the eye cornea 

and low physiological variability of cornea as compared to other human tissues. 

We proposed simple THz frequency-domain apparatus with the smooth tuning within “low 

frequency” THz range that might be used for in-situ control of tear-film drying and sensing of human 

corneal tissue hydration level. THz generator was based on the two continuous DFB diode lasers with 

the generation of narrow (10 kHz) line in the range 1530 – 1608 nm. Radiation from the lasers was 

combined by X-type fiber optical beam splitter with the ratio 50/50. At the output of the splitter the 

radiation was modulated by the frequency detuning of two lasers. A semiconductor low-temperature 

InGaAs bow-tie photoconductive antenna (PCA) was used for converting of this modulated radiation 

into the THz emission. Such source showed high efficiency at frequencies of 30-300 GHz. For 

detection the similar InGaAs PCA was used. Both emitter and detector equipped with the focusing 

lens and were placed on the special ophthalmology stage. This stage allowed placing the patient’s eye 

cornea in the focal plane and provided the detection of the THz radiation reflected from the cornea. 

The photo of experimental apparatus is shown in fig.1. 

 

 
 

Fig.1. Photo of the experimental apparatus for in-vivo human cornea 

hydration sensing. 

Fig.2. The cornea reflection coefficient versus time after the latest 

blinking for different patients. Dots-experiment, lines - linear fit. 

 

Using the proposed setup we conducted measurements of the eye cornea reflection coefficient for 

several patients of different age. Fig.2 shows a few experimental results of in-vivo measuring the 

dynamics of tear film drying and cornea hydration measurements in case of using for sensing the 

radiation of 40 GHz. These preliminary measurements clearly showed the high sensitivity of our 

approach for different states of cornea and tear film. 

The authors acknowledge financial support of RFFI under project No.15-29-03900. 
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[2] W.S.Vanmeter, W.B.Lee, D.G.Katz, Duane’s Clinical Ophthalmology. Chapter 16A, Corneal Edema (2006). 
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THz Spectroscopy and Imaging of Blood

Chi-Kuang Sun

Graduate Institute of Photonics and Optoelectronics, National Taiwan University, Taipei 10617, Taiwan

Blood is the most essential body fluid, containing many kinds of proteins, carbohydrates, hormones, 
lipids, blood cells, and salts. Blood is responsible for distribution of oxygen and nutrition, core body 
temperature regulation, and immunological function. Many biochemical variables in blood plasma, 
such as glucose, thrombus, and total cholesterol, are highly related to diseases such as diabetes, stroke,
and heart diseases. Remote sensing of the component content of blood is critical for developing the 
current wearable devices for daily heath care monitoring as well as for intense care unit for continuous
risk factor monitoring. Currently the concentration and molecular properties of most biochemical vari-
ables can only be examined ex-vivo, while a noninvasive and in vivo method is highly desired. 

Recently, THz wave has been proved to have strong interactions with many biochemical molecules 
such as amino acids, proteins, and DNA. In aqueous solutions composed of water, THz wave has also 
been found to be a sensitive tool to investigate the collective bending vibration of hydrogen bond of 
water molecules. Recent studies indicate that the THz absorption of water solution is highly sensitive 
to the concentration of various solutes since the polarized solute would change the collective bending 
vibration of hydrogen bond. Blood has around 80% water content and contains many kinds of polarized 
solutes, representing different risk factors of human. Comparing to existing enzymatic colorimetric ex-
amination methods, THz wave could be a potential candidate to monitor the risk factors in human blood 
in a longitudinal and noninvasive way.

In this presentation, I will review our recent efforts on THz spectroscopy and imaging of blood. Recent 
THz spectroscopy studies of human and animal blood had indicated the high sensitivity of THz waves 
to a few critical blood ingredients including triglyceride, red blood cell, and glucose level [1-6]. In our 
recent clinical study of the sub-THz spectra of ex-vivo fresh human whole blood [6], which was taken 
from 57 patients following 8-hours fasting guideline, a great difference between the sub-THz absorption 
properties of human blood among different people was observed, while the difference can be >15% of 
the averaged absorption coefficient. Our pilot clinical study indicates that triglycerides and the number 
of red blood cells were two dominant factors to have significant correlation to the sub-THz absorption 
coefficients. A near-field sub-THz transmission-type image system, operating at a frequency close to 300GHz,
for vessel imaging in-vivo was also demonstrated for noninvasive quantitative imaging of THz absorption 
constant of blood [7], to demonstrate the capability of THz waves for longitudinal and noninvasive
monitoring of blood in vivo.

[1] D.-K. Kim, J.-H. Won, V. V. Meriakri, and E. E. Chigrai, Device for the non-invasive measurement of blood glucose concentration by millimeter waves 
and method thereof, US Patent 7371217 B2, Samsung Electronics Co., Ltd. (2008).

[2] C.-K. Sun, Y.-F. Tsai, and H. Chen, Method and device for detecting a blood glucose level using an electromagnetic wave, US patent 20130289370 A1, 
National Taiwan University (2013).

[3] O. P. Cherkasova, M. M. Nazarov, I. N. Smirnova, A. A. Angeluts, and A. P. Shkurinov, Application of timedomain THz spectroscopy for studying 
blood plasma of rats with experimental diabetes, Phys. Wave Phenom. Vol. 22(3), pp. 185–188 (2014).

[4] K. Jeong, Y. M. Huh, S. H. Kim, Y. Park, J. H. Son, S. J. Oh, and J. S. Suh, Characterization of blood using terahertz waves, J. Biomed. Opt. vol. 18(10), 
107008 (2013).

[5] C. B. Reid, G. Reese, A. P. Gibson, and V. P. Wallace, Terahertz time-domain spectroscopy of human blood, IEEE J. Biomed. Health Inform. Vol. 17(4), 
pp. 774–778 (2013).

[6] T.-F. Tseng, B. You, H.-C. Gao, T.-D. Wang, and C.-K. Sun, Pilot clinical study to investigate the human whole blood spectrum characteristics in the 
sub-THz region, Optics Express vol. 23 (7), pp. 9440-9451 (2015).

[7] T.-F. Tseng, S.-C. Yang, Y.-T. Shih, Y.-F. Tsai, T.-D. Wang, and C.-K. Sun, A near-field sub-THz transmission-type image system for vessel imaging 
in-vivo,” Optics Express vol. 23 (19), pp. 25058-25071 (2015).
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Regimes: Architecture, Applications and Perspectives
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Modern investigation frameworks used for the characterization of biological matter, advanced materials 
or devices rely on a wide variety of high- and ultra-high resolution imaging techniques. Among these, 
optical nanoscopy techniques are gaining increasing interest, as their resolution capabilities can lead to 
achieving significant breakthroughs in multiple key scientific domains. However, the applicability and 
popularity of some variants are still biased by data interpretation issues. This is mainly connected to 
the fact that performing an imaging experiment for the first time using a technique that has not been 
employed before in similar purposes can be difficult. Initial observations of optical details at na-
noscale are at first puzzling for almost any considered sample and leave room for a myriad of ques-
tions. Such situations often times lead to contradictory interpretations of the collected data sets, a situ-
ation which is especially accentuated in the case of independent experiments. 

The situation above described applies also in the case of Apertureless Scanning Near-Field Op-
tical Microscopy (ASNOM), a family of imaging techniques that not until long ago were available only 
in the form of home-made versions. ASNOM holds significant potential for advancing beyond the state-
of-the-art our current understanding on the structural, chemical and optical features of biological sam-
ples, materials or devices. However, due to the above mentioned reasons its applicability is not always 
straightforward.  One way to alleviate this situation is to correlate ASNOM data sets with well under-
stood data sets collected with mature imaging techniques. Such cross-correlative studies are neverthe-
less not always easy to implement as identifying sample regions of interest after switching between 
imaging systems based on different contrast mechanisms, and working at different scales, is usually 
cumbersome. For this reason, we have recently developed a multimodal imaging system capable to 
collect optical data sets on overlapping field-of-views by several ASNOM and far-field Laser Scan-
ning Microscopy (LSM) techniques. Moreover, this system incorporates as well a series of Scanning 
Probe Microscopy variants, which are useful for placing optical data sets into a topographic context. 
The contrast mechanisms of the incorporated imaging techniques provide complementary infor-
mation, which plays an important role in facilitating nanoscale data understanding and interpretation.
In our contribution we present this imaging architecture and showcase a series of results collected on 
nanostructured materials and biological samples in the frame of innovative correlative-imaging as-
says, e.g. [1]. A special focus of attention is placed on highlighting the capabilities of scattering-type 
SNOM, an ASNOM variant, to extract information over the real-part and imaginary-part of the dielec-
tric function at spatial resolutions beyond the diffraction barrier [2]. In the frame of correlative AS-
NOM-LSM studies such dielectric properties can be placed in correspondence with other information 
categories, e.g. fluorescence or non-linear optical phenomena related. Perspectives for extending this 
architecture with additional workmodes are also discussed, together with connected potential applica-
tions. The presented results demonstrate that correlating far-field and near-field optical data sets can 
enable new perspectives in many fields of science such as biology, medicine or materials science. 

Acknowledgment: The presented work has been supported by LANIR and MICRONANO research 
grants. LANIR has received funding from the European Community's Seventh Framework Pro-
gramme (FP7/2012-2015) under grant agreement n°280804. MICRONANO (PN-II-RU-TE-2014-4-
1803) is funded by the Romanian Executive Agency for Higher Education, Research, Development 
and Innovation Funding (UEFISCDI).
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VOCs emitted from seeds germinated with heavy metals 
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In this research, we report the photoacoustic analysis [1] of volatile organic compunds – VOCs, e.g. 
ethylene and ammonia, from plantlets (common wheat seeds, Spelt wheat, common corn, alfalfa, and 
green peas), measured after the germination with five heavy metals (Cd, Hg, Pb, Cu and Zn) in order 
to analyse the plant growth regulator and degradation of proteins at plant tissue level. The results were 
compared with the data from seeds germinated with distilled water (used as the control treatment).
The use of these gas molecules in the respiration of plantlets for seeds germinated with heavy metals 
is theoretically reasonable; metabolic changes occur in plantlets that inevitably lead to the production 
of abnormal metabolites. These molecules are transported through diffusion and the metabolites will 
then be discharged into the respiration of plantlets as components of each biological sample [2,3].  
Our results support the hypothesis that protein damage and oxidative attack seems to be a key effect in 
the toxicity and carcinogenicity of heavy metals at plantlets and suggest new markers that may 
contribute to a better understanding of heavy metals influence. 
In the same time, the investigations presented in this work showed that the photoacoustic technology 
in the detection of VOCs was able also to distinguish between seeds germinated with heavy metals 
and seeds germinated with distilled water and can play an important role in testing the contaminated 
biological samples.
The results from this research contribute to the understanding of toxicity and damage of contaminated 
plants using a sensitive and non-invasive method like laser photoacoustic spectroscopy [4,5]. 
The technique from this research assure the advantages of health state assessment by monitoring the 
level of VOCs (from seeds germinated with heavy metals) that can be metabolized inside the 
organism with adverse effects on human health (e.g. ethylene is metabolized to ethylene oxide and, in 
accordance with International Agency for Research on Cancer, ethylene oxide is a human carcinogen) 
[6].

Acknowledgments: This work was funded by CNCS-UEFISCDI, project number PN-II-PT-PCCA-2013-4-
0608 (72/2014) and by Space Technology and Advanced Research-ESA, project (C3 2016) no. 603 „Develop-
ment of a New Instrument for Monitoring of the Astronauts Health” IMAH. We gratefully acknowledge the 
assistance provided by the Dr. Marian Mogildea from the Institute for Space Sciences (ISS), Bucharest-
Magurele, Romania.
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The pathological and physiological defects in various types of agricultural materials lead to an 
enormous amounts of economical waste. Thus, the interest towards non-destructive and high-
resolution optical imaging techniques for the diagnosis of aforementioned defects has been increased 
during past few decades [1-4]. It is well recognized that pathological infections caused internal defects 
of plant materials can be effectively visualized at an initial stage of the disease by using a well-known 
bio-photonic detection method called optical coherence tomography (OCT) and optical coherence 
microscopy (OCM), which were initially developed for medical applications. The exploitation of 
high-resolution benefits of OCT and OCM for various agricultural research studies were frequently 
reported through the obtained exemplary high-resolution two-dimensional, volumetric three-
dimensional images, and quantitative evaluations revealing complementary morphological 
abnormalities between healthy and defected specimens [5-6]. Although several plant-inspection 
technologies, such as magnetic resonance imaging (MRI), X-rays, positron emission tomography 
(PET), and confocal microscopy were frequently applied for plant material experiments, the potential 
applicability of these methods has been limited by factors such as a low resolution, limited penetration, 
and long acquisition time. Hence, to avoid the aforementioned limitations, OCT and OCM were 
considered as ideal inspection techniques by various research groups. This paper highlights and 
briefly introduces the main benefits and the potential ability of optical coherence imaging techniques 
in various agricultural applications, verifying the capability of characterizing internal microstructures 
that are useful in agriculture for the initial diagnosis of plant diseases and defects.
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The ultrahigh Q-factor of whispering gallery modes (WGMs)  is of great merit in cutting-
edge photonic devices, but their isotropic emission due to the rotational symmetry is a serious 
drawback in applications that require directional light sources[1]. Here, we showed that the 
optical mode properties of dielectric cavities, such as quality factor and emission 
directionality, can be tailored at will by using transformation optics[2-3]. The Q-spoiling 
problem that inevitably is involved with emission directionality is resolved by restoring 
WGMs in two-dimensional (2-D), deformed, inhomogeneous dielectric cavities. The restored 
WGMs retain the ultrahigh Q-factor even in considerably deformed cavities and exhibit 
emission directionality as well. The boundary shape and the refractive index profile are 
depicted in Fig. 1a and 1c, and its far-field distribution are shown in Figs. 1b and 1d, 
respectively. The spatially varying refractive index profile can be implemented by drilling 
subwavelength-scale air holes in a dielectric slab. The proposed design scheme of 
microcavities based on the transformation optics will open a new horizon of application 
beyond the conventional microcavity laser diodes. 

Fig 1. Bi-directional and uni-directional far-field emission of the cWGM of a limaçon-shaped and triangular transformation.
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[3] Leonhardt, U., Optical conformal mapping, Science, vol.312, pp. 1777-1780, (2006)

'[Invited] FC-I-5



First observation of the number-density-dependent growth of 
plasmonic nanobubbles
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In recent years lots of studies have been carried out to clarify or apply the light-nanoparticle 
(NPs) interactions. Very opften the surrounding medium of NPs is a solution, and the 
plasmonic heating of metallic NPs by the resonant laser leads to the formation of 
nanobubbles (NBs). They are usually called plasmonic NBs after the plasmonic heating of 
NPs. The dynamics of NPs and NBs are strongly related not only to the incident laser fluence 
but also the pulse duration, laser wavelength, etc. We note that very little attention has been 
paid to the number density of NPs [1] or NP-NP interactions [2] in the solution.  

In this paper we discuss the time-dependent dynamics of plasmonic NBs upon irradiation 
of single nanosecond laser pulses onto the Ag NPs solution with moderate number densities 
(3.7x107-3.7x108/cm3), and show that the speed of the growth and the size of plasmonic NBs 
are strongly dependent on the number density of NPs [1]. Note that our observation cannot be 
explained by the cnventionally accepted physical picture of plasmonic NBs [3,4]. To explain 
the experimental results we propose a new model in which the bubble growth is strongly 
influenced by the pressure waves produced by the surrounding NPs. This interpretation is 
qualitatively consistent with our experimental observation, and to be more quantitative, we 
carry out the numerical calculations by solving the Rayleigh-Plesset equation with 
appropriate modifications to incorporate the time-varying external pressure exterted from the 
surrounding NPs to find the good agreement with our experimental results. Our findings 
imply that the number density of NPs in the solution can serve as a new parameter to control 
laser-NBs/NPs interactions.

[1] T. Nakajima, X. Wang, S. Chatterjee, and T. Sakka, Sci. Rep. 6, 28667 (2016).
[2] J. Lombard, T. Biben, and S. Merabia, Phys. Rev. E 91, 043007 (2015).
[3] V. Kotaidis and A. Plech, Appl. Phys. Lett. 87, 213102 (2005). 
[4] D. Werner, A. Furube, T. Okamoto, S. Hashimoto, J. Phys. Chem. C 115, 8503 (2011).
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Holographic manipulation of femtosecond laser pulses 
for advanced material processing 

S. Hasegawa and Y. Hayasaki

Center for Optical Research and Education (CORE), Utsunomiya University, Japan 
Main author email address: hasegawa_s@opt.utsunomiya-u.ac.jp 

Femtosecond laser processing is a promising tool for fabricating three-dimensional (3D) optical devices in 
transparent materials. In order to fabricate such optical devices at the millimeter scale, an enormous 
number of processing points are required, and therefore, the processing throughput must be improved. To 
address this issue, holographic manipulation of femtosecond laser pulses based on an array of spots has 
been proposed. Computer-generated holograms (CGHs) enable arbitrary control of the spatial pulse shape 
and the polarization of the pulse, and spatial light modulators (SLMs) displaying a dynamic CGH have 
been used to achieve variable spatial shaping of femtosecond pulses. Femtosecond laser processing with a 
CGH, known as holographic femtosecond laser processing [1], has the advantages of high-throughput 
pulsed irradiation and highly energy-efficient use of the pulse. In this paper, we demonstrate an arbitrary 
and variable beam shaping of femtosecond pulses by a CGH displayed on a SLM for high-speed and high 
light-use efficiency, internal and surface, micro and nano fabrications of materials. 

An experimental setup is mainly composed of an amplified femtosecond laser system, 
liquid-crystal-on-silicon SLMs, laser processing optics, and a personal computer. The femtosecond pulse 
had a center wavelength of 800 nm, a spectral width of 25 nm FWHM, a pulse width of 40 fs, a repetition 
frequency of 1 kHz, and linear polarization with a p-component. The pulse was radiated onto the first 
SLM, which displayed CGH1 for applying a pure phase delay to the p-component, that is, phase 
modulation. The pulse was also radiated onto the second SLM, which displayed CGH2 for applying a 
phase delay between the p- and s-components, that is, polarization modulation. The circular or elliptical 
polarization reflected from SLM2 was converted to linear polarization using a QWP. Consequently, the 
reconstructed spot array with a desired polarization distribution was obtained and was directed to the laser 
processing optics, containing a 40× objective lens (OL) with NA = 0.60. 

Figure 1 shows an experimental result of a laser processing. Figures 1(a) to 1(c) show the case of radial 
polarization beam. Figures 1(a) shows CGHs for the phase and polarization modulation, respectively. 
Figures 1(b) is the optical reconstruction. In the figure, the white arrows mean the polarization direction. 
The reconstruction had a doughnut-shaped 
intensity at focus because each focal spot 
had a phase and polarization singularity at 
the beam center. Figure 1(c) shows SEM 
images from top and bird’s eye view of 
structure fabricated by the vector beam. A 
pitch of fabricated nanostructure was 
approximately 180 nm. An orientation of 
nanostructure was perpendicularly arraigned 
to the polarization state of vector beam. 
Figures 1(d) to 1(f) show the case of 
azimuth polarization beam. Figures 1(g) to 
1(i) show the case of windmill polarization 
beam. From each SEM image, three types of 
spatially complex nanostructure were 
fabricated on the sidewall of the hole. 

[1] Y. Hayasaki, T. Sugimoto, A. Takita and N. Nishida, 
Appl. Phys.Lett. vol. 87, pp. 031101 (2005). 

(a)-(c) The case of a radial polarization beam. (a) The CGHs for wavefront 
modulation, polarization modulation, and (b) their respective optical 
reconstructions. (c) SEM images from a top and bird's eye view of the 
fabricated structure. (d)-(f) The case of an azimuth polarization beam. (g)-(i) 
The case of a windmill polarization beam. 
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Mid-Infrared Active Plasmonics in Graphene 
 

M. S. Jang1 

1- School of Electrical Engineering, KAIST, Daejeon 34141, Korea 
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Graphene is an interesting material for mid-infrared active nanophotonics. Recent studies have shown 
that the effective optical index of graphene depends on the local Fermi level, which can be varied greatly 
via electrostatic gating techniques. More interestingly, the low carrier concentration and the atomic 
thinness of graphene allows for highly confined plasmonic modes whose properties are also widely 
tunable as a function of doping density. We showed that these plasmonic modes can play a dominant 
role in controlling the optical properties of periodically patterned graphene at mid-infrared frequencies. 
We showed that the energy-momentum dispersion relation of graphene plasmons are fundamentally 
different from the conventional noble metal surface plasmons and that the wavelength of graphene 
plasmons is more than 100 times shorter than the free space wavelength. As a consequence of such 
extreme field confinement, we further demonstrated that graphene plasmons strongly interact with 
substrate phonons, forming hybrid modes called surface phonon plasmon polaritons. By placing a 
reflector to block transmission channels and engineering the spacing between the reflector and the 
graphene resonators, we demonstrated that the absorption in a single layer of graphene resonators can 
be dynamically tuned from 0 to 25% by electrostatic gating. We also showed that the absorption 
modulation by graphene resonantors can be 2.67 fold enhanced by incorporating EOT(extra-ordinary 
transmission) metallic resonant restructures. By further advancing the idea of overlapping various scales 
of resonances in a narrow spectral and spatial window, we recently demonstrated that it is possible to 
achieve perfect mid-infrared absorption modulation based on graphene plasmonic metasurfaces. 
Finally, Kirchhoff’s law of thermal radiation, which states the absorptivity and the emissivity of an 
object are equal, also allows for dynamic control of thermal radiation from heated graphene plasmonic 
nanoresonators. These tunable plasmonic modes offered by graphene and other 2D materials provide 
new opportunities to create electo-optically active devices with novel functionalities that have thus far 
been impossible to be realized by using conventional media. 
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Simple field enhancement formulation for gold bipyramids
for application in two-photon luminescence and scattering

James W. M. Chon and Stuart J. Flanders

Centre for Micro-Photonics, Dept. of Physics, Faculty of Science, Engineering and Technology, Swinburne 
University of Technology, Hawthorn, 3122, VIC, Australia

jchon@swin.edu.au

Recent advances in two-photon excited photoluminescence of plasmonic gold nanorods have greatly 
expanded their application. Shape-controlling of nanorods can enhance a particular photophysical 
process to tailor needs but its application to two-photon luminescence is yet to be fully developed 
despite its importance in biolabelling. In particular, bipyramidal gold nanorods have received a large 
amount of interest as a biolabelling due to highly localised field at their tips, which provide enhancement 
for emission processes. However, no proper evaluation of geometrical properties of bipyramids such as 
tip shape, curvature, pentagonal cross section or the waist have been conducted on the field 
enhancement and peak evolution. Numerical simulations using finite element analysis show that small 
change in tip radius of curvature can change nonlinear process such as two-photon luminescence (TPL) 
two to four-fold increase. However, such large increase is not observed in experimental measurement 
of TPL with respect to tip curvature, indicating that there is fundamental limit to how the field 
enhancement can influence emission processes. 

Here we present a full numerical simulation of field enhancement around bipyramidal gold nanorods 
with variation in geometry. We also present a simple analytical theory based on quasistatic field around 
prolate spheroids to account for bipyramidal shape with correction factors to approximate the shape 
difference. Quasistatic theory for a prolate spheroid has been used to approximate various rod structures, 
but such a theory has not been used for bipyramidal shapes. We solved explicit expressions for electric
field around prolate spheroids and the derived equations that are compared to the results from numerical 
methods (Finite element method) for prolate spheroids (Fig. 1), bipyramids and capsule shapes of
multiple sizes and aspect ratios. For bipyramids, the geometric correction factor incorporates the 
sharpness of the tip curvature, the volume difference between spheroid to the bipyramid with the same 
length and width as well as a radiative damping correction. The results will be compared with finite 
element simulations as well as experimental measurement of its action cross-sections. This work will 
provide an easily accessible and less computational taxing method of predicting plasmonic bipyramid 
field enhancement and far-field response for future bio-labelling research.

Fig. 1 (a) Field enhancement 
factor at the tip Ltip for an 
aspect ratio 3.5 gold rod 
(prolate spheroid) calculated 
with quasistatic model with 
respect to wavelength is
shown as black line. Together 
shown are the numerically 
simulated electrodynamic 
field enhancement using FEM 
technique at different gold 
rod sizes (red lines), and 
damping corrected 
electrostatic model (blue 
lines). Half length of the rod 
a = 8.5, 18.5, 40, 50, 63.5, 80 

nm are specified. (b) Far-field scattering cross sections are shown for the same rods as (a) using the electrostatic 
(black) and FEM model (red) and damping corrected electrostatic (blue) are shown.

[1] A. M. Siddiquee, A. B. Taylor, S. Syed, G. H. Lim, B. Lim and J. W. M. Chon, J. Phys. Chem. C, 119, 28536-28543, (2015)
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Plasmonics and Metamaterials for Imaging and Hologram 
Applications

Choon-Gi Choi1,2

1-Graphene Research Lab.(Emerging Devices Research Group), Electronics and Telecommunications Research 
Institute (ETRI), Korea

2-School of Engineering, Korea University of Science & Technology, Korea

Plasmonics and metamaterials have attracted considerable attention over the past decade in the fields 
of superlens, cloaking, absorber, etc. Recently, plasmonics and metamaterials have seen a dramatic 
increase of novel ideas with combination of new materials and structures. Finding the best set of 
materials and structures for plasmonics and metamaterials can realize many interesting functionalities 
in devices from ultraviolet to terahertz wavelength for sensor, imaging, energy harvesting, display, 
hologram and other nanophotonic applications.
In this talk, we introduce a subwavelength imaging in the visible range by using a metal coated carbon 
nanotube forest. We demonstrate a nano-imaging system which can resolve two slits separated by 160 
nm with visible light of 532 nm wavelength. The metal coated CNT forest, as a wire medium nano-lens, 
successfully transfer nano-scale spatial information from one side to the other side using surface 
plasmon polariton modes.
We also report a reflection-type spatial amplitude modulation in the visible region using a pixelated
sub-wavelength metamaterial absorber for 3D hologram application. We utilize a pixelated array of 
absorbing elements based on a two dimensional sub-wavelength metal grating, and the reflectance of 
each pixel is controlled by simple structural modification. The structure of each absorbing element is 
appropriately modified to have the designed reflectance utilizing its frequency selective property, and 
adjacent elements of the same type are combined into a single pixel. This method will be utilized as a
basic component for developing future spatial light modulation technologies.
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Photoacoustic Spectroscopy Technologies for Non-invasive 
Detection of Glucose in Human Body

C. G. Ahn, J. Y. Sim, C. Huh, K. H. Chung, E. J. Jeong, B. K. Kim

Bio-Medical IT Convergence Research Department, Electronics and Telecommunications Research Institute, 
Daejeon, 34129, Korea

cgahn@etri.re.kr

Diabetes mellitus is growing as a global challenge. According to the World Health Organization, an 
estimated 422 million adults were living with diabetes in 2014 and the number of diabetic people 
worldwide is expected to double within the next ten years. When diabetes is uncontrolled, it can affect 
not only the patient’s internal organs, circulation system and eyesight, but also his or her entire life. 
Therefore, a regular or continuous monitoring and subsequent, immediate control of the glucose level
is significant to keep the healthy life of the patients. The most established self-monitoring methods for 
blood glucose level is based on enzyme reactions and is painful because of the procedure extracting 
blood invasively from patients by piercing a fingertip with a needle, which often makes diabetics 
unwilling to check their glucose level as frequently as doctors recommend. There have been many 
attempts to develop alternative non-invasive procedures for the glucose measurement, comparable to 
the presently available invasive techniques. Most of the approaches are mainly based on optical 
methods, since the optical methods utilize the vibrational modes of the glucose molecule that are 
highly specific and thus selective for glucose-sensing even in a complex matrix like whole blood. The 
analysis of the received light signal, however, is inherently complex because the glucose signal is 
often very faint and easily interfered with other signals from a variety of analytes in blood. The 
variability and the inhomogeneity of the human skin are also big obstacles for the commercial 
application of the in vivo optical monitoring. In recent years, the technique of photoacoustic 
spectroscopy (PAS) has been used for trace detection of gases due to the higher sensitivity it offers, 
relative to optical absorption spectroscopy. In this method, a high-energy laser beam irradiated on skin 
produces a thermal expansion, thereby generating an acoustic wave. Unlike ordinary acoustics, sound 
waves produced by the PA method carry information about the material properties of the substance in 
which they are generated [1].
We have extensively studied the non-invasive glucose monitoring method based on PAS technique. 
Mid-infrared light beam from an external-cavity quantum-cascade laser (EC-QCL) was applied to 
obtain the clear glucose spectrum using the optical properties of strong energy absorption and 
vibrational energy relaxation from the energy states of glucose molecules in this region. Using the 
mid- infrared light source also has another strong advantage of little inference of the glucose signal by 
probing the interstitial fluid with only several analytes thanks to a shallow penetration depth of mid-
infrared in skin. We will present the optical PA system setup and the signal processing developed for 
the PA measurement of glucose in skin. To amplify the weak photoacoustic signal due to the 
impedance mismatch of the acoustic medium, a sensitive photoacoustic detector with an acoustic 
resonance cell was developed by the theoretical analysis and simulation of the resonance mode of the 
PA cell as well as the extensive experimental optimization of the PA cell. In addition, we matched the 
resonant characteristics of a photoacoustic cell with that of a microphone in order to enhance the 
signal-to-noise ratio in the PA detector. A preliminary test with healthy volunteers demonstrates the 
feasibility of a non-invasive glucose monitoring well, showing that most of data points fall within the 
critical region of the Clarke error grid, which would be the requirement for the clinical use of this 
method.

[1] M. A. Pleitez, T. Lieblein, A. Bauer, O. Hertzberg, H. Toal, and W. Mantele, In Vivo Noninvasive Monitoring of Glucose Concentration 
in Human Epidermis by Mid-Ifrared Pulsed Photoacoustic Spectroscopy, Analytical Chemistry, vol 85. Pp. 1013-1020, (2015)
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Effect of Photon Lifetime in Silicon Nanowire Ensembles on 
Efficiency of Raman Scattering and Third-Harmonic Generation 

L.A. Golovan1, S.V. Zabotnov1,2,3, N.B. Tkachenko1, D.E. Presnov1,4, L.A. Osminkina1,
A.I. Efimova1

1- 1 Physics Department, M.V.Lomonosov Moscow State University, Moscow, 119991, Russia
2 National Research Center 'Kurchatov Institute', Moscow, 123182, Russia

3 FNBIC, Moscow Institute of Physics and Technology, Moscow, 123098, Russia
4 Skobeltsyn Institute of Nuclear Physics, M.V.Lomonosov Moscow State University, Moscow, 119991, Russia

golovan@physics.msu.ru

Ensembles of silicon nanowires (SiNWs) of about 100 nm in diameter are of great interest. Typically, 
SiNWs are aligned pillars with the length controlled by the formation procedure. They are
characterized by extremely low reflection and high light absorption in the visible spectral region and 
high reflection in near-infrared (NIR) region indicating their promising photovoltaic or sensor
applications. Enhanced efficiency of such optical processes as Raman scattering, third-harmonic (TH) 
generation, and photoluminescence are found in SiNWs. These effects are often connected with the 
light trapping in SiNW arrays caused by effective light scattering, which in its turn depends on length, 
orientation, and arrangement of the SiNWs. Thus, studying correlation of the SiNW structural 
parameters and efficiency of the optical processes including nonlinear-optical ones seems to be very 
instructive for further applications of the SiNW arrays.
To reveal effects of SiNW ensemble structure on efficiency of the optical processes the dependence of 
the Raman scattering and TH signals on the light polarization and thickness of the sample were found. 
These processes are sensitive to the light polarization and local field effects. The obtained results were 
complemented by measurements of cross-correlation function for the laser pulse and radiation 
scattered by SiNW ensemble, which allows estimation of photon lifetime in SiNW. A quasi-cw 
Cr:forsterite laser radiation (1250 nm, 80 fs, 150 mW, 80 MHz) was used for these purposes. 
Dependences of Raman and TH signals on the thickness of SiNW layer demonstrate rise increase with 
the layer thickness increase. For the TH signal the rise follows a decrease in the TH intensity for 
thinner layers (0.2–2 lm), while Raman signal grows monotonously from the thinnest SiNW layers 

TH radiation and coherent nature of the TH generation.  
The phton lifetime -
correlation function has an expressed tail, indicating diffusion-like radiative transport in the SiNW 
array. The typical photon lifetimes were found to be 0.5 and 1.4 ps for the SiNW arrays with 

The rise of the TH generation efficiency starts at the same 
thickness as the increase of the photon lifetime in the SiWNs. Such a correlation let us suppose that 
the latter one is responsible for the rise of the TH generation efficiency. 
The SiNWs formed on (110) Si substrate are tilted at 45° to the surface. In this case, TH signal ex-
ceeds one for crystalline Si, in the case of the fundamental radiation incident perpendicular to the 
SiNWs, whereas in the case of incident wave propagation along the SiNWs it falls several time in 
comparison with crystalline Si,.  
Thus, multiple scattering of near-infrared light in SiNW ensembles leads to photon lifetime 
enhancement which is manifested by substantial increase of the Raman scattering and TH generation 
efficiencies. Polarization dependence of the TH signals strongly depends on the incident wave 
propagation (perpendicular or parallel to the SINW), with the light incidence perpendicular to the 
SiNWs being more effective than along the SiNWs. The obtained results could be explained by 
variations of in the local fields in SiNWs and scattering cross-section. 
The work was supported by the Russian Foundation for Basic Research Grant no. 15-29-01185, and it 
was partially performed at the Center of User’s Facilities of Moscow State University.
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Nanoscale chemical mapping: photo-induced force microscopy 
and photothermal-induced resonance microscopy

J. Jahng1, H. Kwon1, E. S. Lee1

1- Nanometrology, Korea Research Institute of Standards and Sciences, Daejeon 34113

phyjjh@kriss.re.kr

The enormous advances made in nanotechnology have also intensified the need for tools that can 
chemically characterize nanomaterials with high sensitivity and with high spatial resolution. Many 
existing tools with nanoscale chemical imaging, including scattering scanning optical near-field 
microscope (s-SNOM) and tip-enhanced Raman spectroscopy (TERS), can generate highly detailed 
maps of nanoscopic structures. In scattering based nanoscopy such as s-SNOM and TERS, one 
important challenge is the interpretation of the image separated from the far-field background. The 
recorded spectral response originates from the near-field and is a rather complex function of sample 
absorption, tip response and tip-sample coupling under illumination. 

To address this issue, a new and emerging far-field free technique in this area is based on non-optical 
detection mechanism such as photo-induced force microscopy (PiFM) [1-3] and photothermal-induced 
resonance microscopy (PTIR) [4-6], which enable spectroscopic probing of materials with a few nm 
spatial resolution. The PiFM is based on the dipole-dipole interaction in the tip-sample junction, 
enhanced by the plasmonic field, and depends on the local refractive index of the sample which is 
basically dispersive force. One the other hand, the PTIR is addressed by local heating of the sample 
based on absorption and thermal expansion. The advantage of these approaches are that any optical 
transitions linear and nonlinear of molecules can be probed directly as a far-field free manner. However, 
when the light illuminated on the tip-sample junction, the dipole-dipole interaction and the thermal 
interaction are simultaneously induced. Here, we present the way to distinguish two different 
phenomena based on the sample properties and the timescale of light source. The ability for 
nanometer scale optical microscopic and spectroscopic analysis with far-field free manner will 
open new opportunities in materials science and biology by investigating the chemical and 
optical nature of individual molecules.

Figure 1. (a) photo-induced force based on image dipole and (b) tip-enhanced photothermal expansion

[1] I. Rajapaksa et al., “Image force microscopy of molecular resonance: A microscope principle'', Appl. Phys. Lett. 97, 073121 (2010).
[2] J. Jahng et al., “Linear and nonlinear optical spectroscopy at the nanoscale with photo-induced force microscopy”, Acc. Chem. Res. 48 
(10), 2671-2679 (2015).
[3] D. Nowak et al., "Nanoscale chemical imaging by photoinduced force microscopy," Sci. Adv. 2, e1501571 (2016).
[4] A. Dazzi et al., “Theory of infrared nanospectroscopy by photothermal induced resonance”, J. Appl. Phys. 107, 124519 (2010).
[5] A. Centrone et al.,“Nanoscale Infrared Spectroscopy: Improving the Spectral Range of the Photothermal Induced Resonance Technique”, 
Anal. Chem. 85, 1972−1979 (2013).
[6] F. Lu et al, “Tip-enhanced infrared nanospectroscopy via molecular expansion force detection”, Nat. Photo. 8, 307-312 (2014)
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High Resolution Imaging with Electron Beam Assisted (EXA) 
Micrscopy for Bio Technology
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High-resolution imaging of cellular structures, such as actin filaments, mitochondria, and nuclei, is 
key tools for analyzing cellular activities, including movement, organelle transportation, and energy 
generation. Since the spatial resolution of conventional optical microscopes is bounded by the 
diffraction limit, it is difficult to observe a cell’s detailed structures. To reveal new mechanisms of 
cellular function, improved optical microscopes are needed for achieving greater spatial resolution.

We have developed an electron-beam excitation-assisted optical (EXA) microscope, which can 
observe label-free cells with high spatial resolution. The cathodoluminescent (CL) light source is 
excited in the luminescent thin film by the irradiation of an electron beam. The EXA microscope 
observes the spacimen beyond the diffraction limit by raster scanning the CL light source, where the 
CL spot is a few tens nm of nanometers in diameter. Using the EXA microscope, we demonstrated 
label-free biological cell imaging with 82 nm spatial resolution.

We present label-free and high spatial-resolution imaging for specific cellular structures using an 
electron-beam excitation-assisted optical microscope (EXA microscope). Images of the actin filament 
and mitochondria of stained HeLa cells, obtained by fluorescence and EXA microscopy, were 
compared to identify cellular structures. Based on these results, we demonstrated the feasibility of 
identifying cellular structures at a spatial resolution of 82 nm. 

Figure 1 shows the result of high spatial-resolution imaging of the HeLa cell and (b) shows the 
intensity profile in the vicinity of the intracellular granules, highlighted by arrows in Fig. 1(a). The 
full width at half maximum (FWHM) of the intracellular granules is 82 nm and the signal-to-noise 
ratio (SNR) is 10.5. 

Figure 1. (a) High resolution EXA imaging and (b) Intensity profile of the cellular granules

[1] M. Fukuta. S. Kawamori, T. Furukawa, Y. Nawa, et. al., Sci. Rep. 5, 16068 (2015).
[2] W. Inami, K. Nakajima, et.al., Opt. Exp. 18, 12897 (2010). 
[3] Y. Nawa, W. Inami, A. Ono, et. al., Opt. Exp.20, 5629 (2012).
[4] Y. Nawa, W. Inami, S. Lin, et. al., ChemPhysChem, 2014, 721 (2014).

'[Invited] FD-II-1



1- Department of Physics, Chungbuk National University, Cheongju 28644, South Korea 
2- Department of Physics and Astronomy and Center for Atom Scale Electromagnetism, Seoul National 

University, Seoul 08826, South Korea

hrpark@cbnu.ac.kr 

l w

f n l n
l

Nano Lett.

Nano Lett.

Acs Nano

Phys. Rev. Lett.

'[Invited] FD-II-2



Terahertz vortex generation and its applications
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Imaging systems in a terahertz (THz) region, in which various molecules and clusters exhibit eigen 
vibration frequencies, have been intensely studiedin biomedicine, security, and non-destructive testing.
However, their spatial resolution is mostly limited to a sub-millimeter scale. 
An optical vortex with an annular intensity profile and orbital angular momentum (characterized by 

a topological charge ) provides us a variety of potential research opportunities, such as high speed 
optical communications, optical manipulations, and chiral materials fabrications [1-3]. It also enables 
us to develop a ‘super-resolution’ microscope (with a spatial resolution beyond the diffraction-limit) 
based on nonlinear fluorescence depletion phenomena.

A ‘super resolution’ technique based on nonlinear effects induced by a highly intense THz vortexwill 
bea promising way to achieve a micrometer-scale spatial resolution beyond the diffraction limit.

In this presentation, we propose a Tsurupica spiral phase plate with extremely low dispersion and 
high transmission in a frequency range of 0.1-6 THz for generation of THz vortex [4]. We also 
demonstrate the generation of a monochromatic THz vortex output with a topological charge of = ± l, 
2 and a monocycle THz vortex pulse.We also address the ‘super-resolution’ measurement of nonlinear 
transmission behaviors of bilayer graphene byemploying the monochromatic 0.6 THz vortex pulse 
with an average power of 2.3 mW [5]. 

Fig1. (a) Transmittance of the Tsurupica polymer in the THz region. (b) Photo of the Tsurupica SPP.

Fig. 2  (a) Spatial profile of the 0.6 THz vortex output. (b)Focused spot of the THz vortex by a tilted lens. 

[1] K. Toyoda, K. Miyamoto, N. Aoki, R. Morita, and T. Omatsu, Nano Lett., 12, 3645-3649 (2012).
[2] F. Takahashi, K. Miyamoto, H. Hidai, K. Yamane, R. Morita, and T. Omatsu, Scientific Reports6: 21738 (2016).
[2] K. Toyoda, F. Takahashi, S. Takizawa, Y. Tokizane, K. Miyamoto R. Morita, T. Omatsu, Phys. Rev. Lett., 110, 143603-1-5 (2013).
[3] M. Watabe, G. Juman, K. Miyamoto, T. Omatsu, Scientific Reports, 4: 4281, (2014).
[4] K. Miyamoto, K. Suizu, T. Akiba, T. Omatsu, Appl. Phys. Lett., 104, 261104 (2014).
[5] K. Miyamoto, B-J. Kang, W-T. Kim, Y. Sasaki, H. Niinomi, K. Suizu, F. Rotermund and T. Omatsu, Scientific Reports, 6: 38880 (2016).

'[Invited] MB-I-1



Resonant tip enhanced Raman scattering imaging of defects in 2 
dimensional WS2 monolayer 
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Monolayer tungsten disulfide (WS2) has emerged as a material for optoelectronic applications because 
of its remarkable quantum yield of photoluminescence. However, a simple and easy quality evaluation 
criterion like the D mode in the Raman spectrum of graphene does not exist in monolayer WS2. Here, 
we report that resonant tip-enhanced Raman spectroscopy (TERS) imaging can reveal defect-induced 
Raman modes, which are the shifted A1g mode with D and D modes in monolayer WS2 with a high 
spatial resolution beyond the optical diffraction limit. We also find a strong correlation with the 
structural defects through a scanning tunneling microscope. Furthermore, our density functional 
theory calculations demonstrate that sulfur vacancies introduce not only the red-shifted A1g mode but 
also the D and D  modes. Observed defect-related Raman modes can be utilized to evaluate the quality 
of monolayer WS2 and will be helpful to improve the performance of WS2 optoelectronic devices. 
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