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InGaAs/GaAs and GaAsBi/GaAs quantum wells

Algirdas Jasinskas, Simona Pukiené, Lukas Jocionis, Bronislovas

Cechavicius, Ada Gajauskaité and Renata Butkuté
Center for Physical Sciences and Technology, Saulétekio av. 3, LT-10257
Vilnius, Lithuania

InGaAs VECSELS

Low cost, reliable and compact electrically injected laser diodes have become
irreplaceable in fields such as laser pumping, communications, medicine and more [1]. However,
for some applications it is more convenient to have laser irradiation come out vertically from the
device, rather than from its edge as in the case of laser diodes. More complex vertical cavity lasers
exhibit this feature. Additionally, as in the case of vertical external cavity surface emitting lasers
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Very similar laser structures were grown by changing QW material from GaAsBi to InGaAs.
While using this compound, PL intensity increased by around 3 orders of magnitude and the
results were much more reproducible than in the case of bismides.

VGAO422 — 1033 nm VGAO432 — 1060 nm

— GaAsBi and InGaAs. The working
principle of a VECSEL is shown in Fig.
1. Semiconductor chip with quantum
well gain section is mounted on a
neatsink and pumped by a diode
aser. The resonator cavity is formed
oy using an external mirror.

Output coupling mirror
T%~1%

| E N\ | [ |
il TR I

~10 cm, not in scale 1.0 1.1 1.2 1.3 1.4 1.5 1.0 1.1 1.2 1.3 1.4 1.5
Energy, eV

(VECSELS) — optical pumping allows achieving much greater output powers and beam quality 1.0 — 1.0 ———

while still maintaining wavelength versatility [2]. Essentially, these lasers combine advantages of — Reilectance| | Reflectance|

both semiconductor and solid-state lasers, therefore they are very attractive and in great demand. 0.8 L — | 0.8 | ﬂ —PL .
The goal of this work was to piodepump Jaser P ﬂ o J\

produce and characterize NIR region eg. 808 nm S osf - 5 06 /\ .

(1-1.2 pm) optically pumped lasers Gain mirror £ U s

based on two different gain materials on @ submount g N _ 2

|

Energy, eV

Fig. 3. Reflectance (black curve) and room temperature PL (blue curve) measurements of InGaAs MQW
VECSELS. The central wavelengths of these lasers are 1033 and 1060 nm.

Surface quality

Fig. 1. Schematic of a VECSEL

Sample preparation and characterization

AFM measurements have shown dislocations going across all the surface of InGaAs QW
samples (VGA0456) due to strain relaxation. While this roughness is very low and gets smoothened
as the next VECSEL layers are deposited (VGA0432) this definitely shows, that strain relaxation would

Resonant Periodic Gain (RPG) design (Fig. 2) was used in which a standing electromagnetic
wave is formed at lasing wavelength which stimulates quantum well emission. QWs were placed in

groups of 2-4 to reduce the overall thickness of the structure and improve thermal properties. .4 major issue when trying to reach longer wavelengths with this material.
Molecular Beam Epitaxy (MBE) equipment was used for growth of the samples. 28.5 period
GaAs/AlAs DBR was grown on GaAs substrate, followed by the gain region (QWs and spacers), Dl 5.0 nm
window layer and capping layer. Photoluminescence (PL), Reflectance and Atomic Force Microscopy VGAO0456 InGaAs MQW VGA0432 InGaAs VECSEL
(AFM) measurements were performed to characterize the grown lasers. .
4 wavelength: 1040 nm, refl: 0.479 | t
Windo DBR — e =
agl NN =y 1
MQW [ | 5
3 3
\ \hr <
- 8
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Fig. 2. RPG design of one of the grown VECSEL structures. Purple line represents refractive index profile and
green curve — electromagnetic field intensity.

GaAsBI VECSELS

Lasers based on GaAsBi QWs have shown PL in longer wavelengths than InGaAs QWs,
however, due to technological challenges associated with GaAsBi MBE growth, it was often difficult
to control Bi incorporation precisely and match the QW emission peak with resonant cavity
wavelength (sample VGA0385).

Rq=7.92 nm

Fig. 9. AFM images and average surface roughness (R,) of different samples: top left — InGaAs MQW, top
right — InGaAs VECSEL, bottom — GaAsBi MQW.

VGAO0385 — 1193 nm VGAO0390 - 1164 nm

GaAsBi MQW samples, on the other hand, have shown worse overall surface quality (due to

i s — RPNy N extreme growth conditions) which also gets improved as the top VECSEL layers are grown. As
' [ /) Reflectance| 1 ' —PL expected, no signs of similar dislocations were observed due to more rapid bandgap reduction of
0.8 | | A —PL il 0.8 | Reflectance| _ .
I \f bismides.
2 | ﬂ g | ﬂ | _
soepfl 15 % ‘ Conclusions
o * /| | | |
@ 04r J\fv\/\/\u/\/\/\f\j\j\‘ % AT | The grown VECSEL structures are yet to be measured in an optical pumping setup, but the
) A i . . . . . . . .
s | | E primary characterization revealed high potential of these samples. Reflectivity dip at the center of
0.2 M\J T 0.2 T Bragg mirror indicated standing electromagnetic wave which matched with desired lasing
- / - - - wavelength well and the emission wavelength of the QWs was matched with the resonant
0.0 S S S ' 0.0 == N P S wavelength.
0.9 1.0 1.1 1.2 1.3 1.4 0.9 1.0 1.1 1.2 1.3 1.4

Structures based on InGaAs/GaAs quantum wells exhibited much higher intensities and
were found to be much more reliable, however, bismide based structures have the potential to
reach longer wavelengths while still using GaAs technological platform.

References

[1] D. Patil; Semiconductor laser diode: technology and applications, Intech (2012) pp. 217-2109.
[2] M. Guina et al., Journal of Physics D: Applied Physics 50 (2017).

Energy (eV) Energy, eV

Fig. 3. Reflectance (black curve) and room temperature PL (blue curve) measurements of GaAsBi MQW
VECSELS. The central wavelengths of these lasers are 1193 and 1164 nm.

After many growth runs, sample VGA0390 exhibited PL peak at around 1164 nm well
matched with the reflectivity dip of cavity resonance.
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Three components of photovoltage
simultaneously induced across \ /

GaAs p-n junction
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Aurimas Cerskus'?, Viktoras Vaigikauskas', Edmundas Sirmulis’,
Ovidijus Zalys', Oleksandr Masalskyi?
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INTRODUCTION RESULTS. BOTH PHOTOVOLTAGES vs INTENSITY
According to the 1.06 um light Oscilloscope

Shockley-Queisser theory,
only photons having energy
hv close to a semiconductor
forbidden energy gap E, are
used effectively for electrical
power generation. Lower
energy photons are assumed
as not absorbed at all, while
the residual extra energy
of higher energy photons is
reckoned in only through the

process of carrier thermalization.
There again, hot carriers can be generated by the infrared

radiation (“not absorbed at all”) as well as by the photons supplying
the mentioned extra residual energy. And the intraband light
absorption has been demonstrated to rise a hot carrier photoemf
across a semiconductor p-n junction illuminated with a CO,
laser (hv=1.17 meV) radiation [1,2]. The photoemf had polarity
opposite to that of the classical carrier generation-induced emf.
We present experimental evidence of direct hot
carrier influence on the net photovoltage formation across a
semiconductor p-n junction. As an object of investigation, GaAs
(Eg=1.42 eV) p-n junction was illuminated with 25 ns-long laser
pulses of 1.06 um wavelength (hv=1.17 eV).Such experimental
assortment allowed to investigate simultaneous rise of the hot
carrier photovoltage andthe classical photovoltage resulting
from carrier generation due to two-photon absorption [3,4].

L

R=50 Ohm

Schematic of the sample
and measurement circuit

RESULTS. THREE PHOTOVOLTAGE PULSES

l_,_/'\f\/\mwwm—-”" B T ——  ——  —
CH1~50mV/div CH2~100mV/div 50ns/div

High level

Experimental traces of photovoltage across GaAs p-n junction at
different excitation levels. No bias voltage is applied.

Low leve

Simultaneous rise of hot carrier U, (reddish area) and carrier
generation-induced U, (bluish area) photovoltages is obvious.
Thermalization-caused component U. (green area) can be seen

following the U, in the case of low excitation level

RESULTS. PHOTORESTONSE

Photoresponse,V

0.0 5.0x10°  1.0x107 1.5x107  2.0x107  2.5x107
Time, s
Photoresponse across GaAs p-n junction at
moderate excitation level
Experimental photoresponse (black); its components
due to hot carriers (red), thermalisation (blue),

generation (green), and their sum (violet)

Photoresponse, mV

Laser intensity, %

Hot Carrier PV

Dependence of hot carrier photovoltage U, (red dots) and
generation-induced photovoltage U, (blue dots) across GaAs
p-n junction on laser intensity at zero bias (solid dots) and -5 V

of reverse bias voltage (open dots)

Laser intensity, %

Generation PV

The reverse bias voltage acts against the hot carrier
photovoltage formation.

Forward bias

Reverse bias

Schematic description of hot carrier (red arrows) and
generation-induced (blue arrows) photocurrents as forward and reverse
bias voltage is applied. Hollow arrows stand for flows of holes

CONCLUSIONS

) In  general, photoresponse in a p-n junction
consists of three simultaneous components induced by:
+ electron-hole pair generation,
& hot carriers,

+ lattice heating after thermalisation.
P Hot carrier photovoltage across a p-n junction

+ is evidenced experimentally,
+ rises prior to the thermalization,
+ opposes the classical generation-induced photovoltage.

P&) Forward bias voltage increases the input of the hot carrier
photovoltage.
(How does the classical photovoltage bias a p-n junction?)

P¥) Hot carrier photovoltage may be the reason of still
unattainable Schockley-Queisser limit.

ACKNOWLEDGMENT

This work was in part supported by the Research Council of
Lithuania (grant No. 01.2.2-LMT-K-718-01-0050).

REFERENCES

1.S. ASmontas, J. Gradauskas, D. Seliuta, E. Sirmulis. Photoelectric properties of
nonuniform semiconductor under infrared laser radiation. Proc. SPIE4423, 18-27 (2001).
2.F. Encinas-Sanz, J.M. Guerra. Laser-induced hot -carrier photovoltaic effects
in semiconductor junctions. Progress in Quantum Electronics 27, 267 (2003).
3.S. ASmontas, J. Gradauskas, A. Suziedélis, A. Silénas, E. Sirmulis, \V
Svedas, V. Vaidikauskas, and O. Zalys, Appl. Phys. Lett. 113, 071103 (2018).
4.J. Gradauskas, S. ASmontas, A. Suziedélis, A. Silénas, V.
Vai¢ikauskas, A. Cerskus, O. Zalys, O. Masalskyi.Unfolding hot carrier
impact in photovoltage across a p-n junction. Journal of Appl. Phys.
(in press)




4 N X

Bismide-based Intersubband devices for Mid-Infrared Applications O
PP R SZF FIZINY IR
Karolis Stadys?, Ri¢ardas Norkus?, Sandra Stanionyté! and Jan Devenson? == TECHNOLOGIJOS MOKSLU
1Center for Physical Sciences and Technology, Sauletekio av. 3, LT-10257, Vilnius, Lithuania. H,',',',',’," ‘ ‘c'-:‘,
Email: karolis.stasys@ftmc.It """"'.':0’ s C E N T RAS
\ % X
©

-

Abstract: A
Intersubband devices such as Quantum cascade lasers (QCLs) are considered now as standard light sources for many chemical sensing applications in the mid-infrared above 4 um. Performances of diode lasers
rapidly degrade below 3 um due to fundamental limitations such as increasing influence of nonradiative Auger recombination. But this obstacle can be resolved by using bismides materials such as InAsBi/Al(As)Sb
and InGaAsBi/AlAsSb in QCL superlattices structure [1,2]. In this work the MBE growth technique for the epitaxy of InAsBi/Al(As)Sb and InGaAs/AlAsSb quantum wells has been developed. Bismuth containing

Cuperlattices exhibited excellent interface contrast and crystalline quality. Obtained growth conditions can be considered as suitable for the growth of Bismide-based intersubband devices.

/
/Main goal and challenges: \

The main goal is the development of molecular beam epitaxy (MBE) procedure for the growth of InAsBi/Al(As)Sb and InGaAsBi/AlAsSb superlattices, which will be suitable for integration as active quantum wells into
InAs/Al(As)Sb and InGaAs/AlAsSb injectors in Quantum Cascade Laser structures. There are two steps for each material system associated with the growth of such structures: 1) epitaxy of low temperature grown
bismuth containing superlattices and 2) integration of low temperature grown bismide superlattices into high temperature grown superlattices — 4 stages in overall.

The challenge is that the main difference between these two material systems is that despite compositional similarity these two material systems are dedicated for the growth on different substrates —
InAsBi/Al(As)Sb on InAs substrates, while InGaAsBi/AlAsSb on InP substrates. InAs/Al(As)Sb can be considered as lattice matched system while InGaAsBi/AlAsSb is strain balanced and more complicated for the
growth. Advantage of the InAs-based system is that it has larger conduction band offset, thus, better carrier confinement, slightly lower electron effective mass, and also entire laser structure can be grown in the
Qame process as no overgrowth is needed. InP based system mainly takes an advantage of better InP thermal conductivity. [3] /

mBE growth of InGaAsBi/AlAsSb on (100) InP substrates:
As a first step, in order to find appropriate growth conditions for In,,Ga, ;As, ,Bi, layers a set of samples have been grown on InP substrates at different growth temperatures varying As/Ga and As/Bi flux ratios. All
samples were grown using solid source Veeco GEN Xplor molecular beam epitaxy (MBE) system, equipped with SUMMO group Il element sources, Veeco As and Sb valved cracker sources and conventional Dual
Filament bismuth source. The substrate temperature was controlled by a thermocouple (TC) and kSA BandIT broadband pyrometry module. The kSA 400 Reflection High-Energy Electron Diffraction (RHEED) system
was used for in-situ surface characterisation. Each substrate prior to be loaded into the growth chamber has been outgassed at 200 °C in the load lock and later at 300 °C in the buffer chamber. The thicknesses of
InGaAs buffer layers in samples varied from 100 nm to 270 nm depending on observation of RHEED pattern quality to decide if buffer layers is sufficiently smooth. All the samples were grown at the ~0.5
monolayer/s growth rate. InGaAsBi layers were grown at temperatures, which are commonly used for the growth of ternary bismide alloys: 280 °C, 300 °C, and 320 °C. To ensure that only temperature will have an
influence, the Bi/InGa ratio was kept the same. All grown samples had smooth surface and exhibited decent incorporation of bismuth. X-Ray measurement results are shown in Figure 1.
Samples grown at lower temperature have higher amount of incorporated bismuth. However, samples grown at temperatures 280 °C (5.3% Bi) and 300 °C (5.1% Bi) have difference of only 0.2% while the amount of
incorporated bismuth in sample grown at 280 °C dropped to 4.2%. Moreover, it seems that the layer grown at 300 °C has better crystalline quality, as it has sharper main peak and visible fringes around bismide
\Srresponding peak. Therefore, the temperature of 300 °C was stated to be the optimal temperature for the growth of InGaAsBi layers. /

counts/s

\ |

Blue: Ino7Gao3As
Red: Tgrowth=280 °C; Ino.7Gao.sAs1«Bix; Bi 5.3%

MBE growth of InAsBi/AlAsSb on (100) InAs substrates:

In difference with InGaAsBi/AlAsSb material system, the InAs/Al(As)Sb system is considered as nearly lattice matched to the substrate.
Hence easier calibration and adjustment procedures are needed. On the other hand, this material system quite close in composition to
the first one. Hence, in similarity, initial bismide growth conditions were found in the same way. The optimal growth temperature of
InAsBi material has been determined by the As cap desorption temperature, which occurs at nearly 300 °C. Each substrate prior to be
loaded into the growth chamber has been outgassed at 200 °C in the load lock and later at 300 °C in the buffer chamber. The native
oxide removal was performed at 525 — 530 °C temperature according to the pyrometer readings and under ~1x105 Torr beam
equivalent pressure (BEP) As, flux. After that the substrate temperature was decreased to 500 — 515 °C for InAs buffer layer growth.
RHEED oscillation measurements were performed to estimate the growth rate of InAs and IlI/V ratios prior to the growth of InAsBi
layers. InAsBi layers in all samples were grown at 320 °C temperature according to the thermocouple readings. Thicknesses of below
presented grown InAsBi layers in samples VIAOO1, VIAOO3, VIAO12 are respectively 390 nm, 400 nm, and 500 nm. All the samples were
grown at the 0.5 monolayer/s growth rate. The bismuth content in InAsBi layers was determined from the X-ray diffraction (XRD) (004)
rocking curves. XRD traces obtained on all three InAsBi samples are presented in Figure 5. Flattened top of InAsBi peak of VIA012
suggests the possible layer relaxation due to higher bismuth concentration. To prove that (115) Reciprocal Space Maps (RSM) of two
InAsBi samples with the largest 20 shifts from the substrate were registered and are presented in Figure 6. Two strong peaks can be
clearly distinguished on these maps: the upper peak can be associated with the InP substrate, the lower one with the InAsBi layer, red

Magenta: Tgrowth=320 °C; Ino.7Gao.zAs1«Bix; Bi 4.2%

Fig. 1. Measured high resolution X-Ray diffraction curves of InGaAsBi samples
grown at different temperatures

8
10 lines on the maps correspond to fully strained and fully relaxed states and the blue line shows different relaxation states with the same
, Bi content. It can be seen from this figure that InAsBi layer with lower Bi content (Fig. 6a) grown on InAs substrate is strained, whereas
10 VIAOO1 | InAsBi layers with higher Bi content have a relaxation level of 40%. The composition of all InAsBi layers and other parameters are given
) — VIAO003 in Table 1.
o 10 —— VIA012 | \
L
210° A /
= \ 0,640 0,640z
c
L 10 Bi concentration, . Thickness,
< / Relaxation, %
% nm
103 0,635 0,635
ol e 5 VIA012
10° A Doy o | &
T re 'w* Wil 0,630 0,630
g | VIA001
101 Hh ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ]
60,0 60,5 61,0 61,5 _ VIA0O3
2-theta (deg) 0,625 0,625

Table 1. Main parameters of the investigated samples.

Fig. 2. XRD (004) rocking curves measured on three InAsBi

selEl s WIADIL, A0, el Wkl 2. Fig. 3. Reciprocal Space Maps (RSM) of two InAsBi samples: VIAOO3 (a) and

VIAO12 (b). The red lines on the maps correspond to fully strained and fully
relaxed lattice states and the blue line indicates the states with the same Bi
content and different relaxation levels.

ﬂ)nclusions: \

The MBE growth technique for the epitaxy of InAsBi/Al(As)Sb and InGaAs/AlAsSb quantum wells has been developed. Bismuth
containing superlattices exhibited excellent interface contrast and crystalline quality. Obtained growth conditions can be
considered as suitable for the growth of Bismide-based intersubband devices. Measured intervalley scattering confirmed that | |
incorporation of Bi into the quantum well can reduce carrier escape to lateral valley. N \
Using developed growth technique and optimized growth conditions the InAsBi/AlAsSb intersubband emission structure has been \
grown. The electroluminescence spectrum has been obtained from fabricated EL structure. Emission wavelength peak in vicinity of ‘,"
3.3 um has been recorded. This confirmed that there is no degradation in performance associated with insertion of Bi and further " \
design modifications are possible to exploit advantage of Bi in quantum wells for development of short wavelength intersubband
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Fig. 6. Nomarski
microscope image of
the surface of the

Fig. 5. Nomarski
microscope image of

the surface of the Fig. 4. EL emission spectrum obtained from InAsBi/Al(As)Sb sample.

sample grown using
only interface

alteration technique
é

optimized
InAs/Al(As)Sb sample
grown using lattice

matching technique.
é
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Optical properties of GeSi/Si quantum dots in mid- and far-IR range
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1. Samples: high-density array of Ge/Si quantum dots 2. Mid-IR optical absorption
Sb-mediated MBE-growth Equilibrium Photoinduced
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0 _ g _ ! ° There are positively charged QDs with more than 1 + ﬂmh VE— E; H(E — E;)
Nominal doping, holes/QD hole inside. 27,3 ’ ‘
L. — is different for doped and undoped samples!
Doped structure - Lz =15 nm - distance between &-layers.
Undoped structure — Lz =500 um - bipolar diffusion length.
3. Far-IR optical absorption 4. Model: Lens-shaped Ge/Si QD 6. From single-particle to many-particle problem
T T T T T T T T T Eh ~ N N
Fce 2 holes/QD L . H(1,2,...N) :;Hg +§1Uconf(7?> +V(r, ...y
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5. Where is a parabolic potential in “rectangular-band-profile” QD? The EM wave perturbation operator in dipole approximation
Nothing happens with the increase of the average Adiabatic separation of hole motion in xy-plane and along z-axis: Po >> h AH = eE(t) 3275 = VNeE(t) oy depends on only CM coordinate.
number of holes in QDs
According to D.B. Hayrapetyan, E.M. Kazarya n, Single-particle-like optical transitions in many-particle system are observed.
10 20 30 40 50 60 and H.A. Sarkisyan. Physica E, 75,353 (2016) Optical absorption at the lowest intelevel resonance does not depend
Photon energy, meV A ) on the Coulomb interaction and number of holes inside the QD.
HO\IJ + Uconfq} =&V \Ij(pv 2 Z) = f(p>X(Z(10)> T iti B = 7Th2
Energy of transitions to low excited levels does not depend on the number of holes in QDs AE, > hw : ransition energy T mVER
For multiparticle s.tates this effect is observed in parabolic potential: At fixed p the hole is confined along z if p<<py: Hole confinement potential in xy— plane For the largest QDs in ensemble h = 2.95nm, pp = 9 nm, and AQ = 31 meV
In magnetic field W. Kohn Phys. Rev. 123, 1242 (1961)
In“parabolic” QDs - PA. Maksym, T. Chakraborty Phys. Rev. Lett. 65,108 (1990), in 1D infinite well of width z; — z; = a(p) Uet() — m’h’n? N mQZpQ
n o 2
F.M. Peeters Phys. Rev. B 42, 1486(R) (1990) a(p) = \/m —(R—h) 2mh2 . 2
5 0?2 T h°n
L "= R
W(z =, /—sin| —=2 m2h3R
o) = ()
2122 .
g T Ut
Smla(e? ~ )
7. Far-IR optical absorption 8. Mid-IR photoinduced absorption dynamics Conclusions
at higher temperatures —— —-Ad
11 - J— . opel e . . . . .
@300 meV Az GeSig o 1. Equilibrium and photoinduced absorption in GeSi QDs related to intersubband hole
T ek o [ ] < t transitions are investigated.
—— 200K = 5 . -
=E 2. The effect of thermal depopulation of the GeSi/Si quantum dots at temperatures below 300 K
120% 001} is observed in photoinduced absorption of undoped samples when the bipolar diffusion of
< ————————— i 270K charge carriers is not restricted.
2 el el 0o 10 G;'o 30 40
& T 2. Equilibrium absorption depends on doping differently in mid-IR and FIR optical regions.
% t, us A e
s Wprobe
S Nep , 3. Kohn’s theorem applicability to such structures was experimentally shown.
o T T T T i T i Recombination in 1 . . . . . .
o 6 holes/QD abs VB, 19F - There is a certain energy range where the motion of the holes in Ge/Si quantum dots is
: equivalent to the motion of 2D particles in parabolic potential.
< \ " “ - The analytical size-quantization theory developed for holes in Ge/Si QDs on the basis of the
JE R, ole capture . . . . . . .
S el fromsimatrix adiabatic approximation gives good agreement with the experimental energy of the
10 20 30 40 50 60 £ T = Ky lower intraband resonance.
Photon energy, meV t, s - The resonance frequency does not depend on the interaction between holes and is of
o a single-particle character.
Redistribution of the holes over the smaller QDs Si/Ge Si. (x < 0.82) - The conditions for generalized Kohn's theorem are satisfied due to the specific geometric
in ensemble depends on the nominal doping p(t,T) = Cy exp (_ t ) + Cy exp <_ L ) o Shape of the QDs
X ) X (T m=(T) - strain splits A-valleys :
s = T%(f +75 - 5-doping
= ’y%g—_p 4. The existence of potential barrier for holes at the heterointerface and its influence on optical
D . .
ot =7 (14 exp (—Ae/kpT)) ™t + 75 L(1 4 exp (—Ae /kpT)) ™ properties was experimentally proven.

From temperature dependences of characteristic times

e aeninmapbetintibn 5. First investigation of photoinduced absorption dynamics in QD structures was performed.

Two stage behavior of absorption relaxation is qualitatively explained.
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The self-assembled monolayers (SAMs) constructed by the adsorbtion of thiols on noble
metals are widely used to analyze the interaction of functional groups with adsorbates, study
electron transfer processes and develop bioelectronic devices [1].

Introduction of amide functionality in the hydrocarbon chain of adsorbing molecules
considerably increases the stability of the formed SAMs due to the formation of hydrogen bonds
between the adjacent molecular chains in the monolayer [2]. A terminal histidine (His) ring group
containing monolayers provide a possibility to study various interactions of the ring with solution
components. The unique structure of His makes it play multiple roles in the molecular interactions
- it is an important ligand for metal coordination in peptides and proteins [3].

Shell-isolated nanoparticle-enhanced Raman spectroscopy (SHINERS) method employs
the ultrathin shell to isolate the metal nanospheres from the probed object and thus prevents a
potentially disturbing interaction. Meanwhile, the very short metal-molecule separation can still
result in a significant nanoparticle-enhanced Raman signal [4].

The present work focused on in situ SHINERS study of SAM formed from N-(2-(1H-
imidazol-4-yl)ethyl)-6-mercaptohexanamide (IMHA) at smooth Au surface in aqueous solutions.
SHINERS method employing synthesized
spherical Ag nanoparticles with 85 £ 5 nm core
size and SiOz2 shell of 3 nm thickness allowed
to obtain significantly enhanced SHINERS
spectrum of IMHA compared to the Raman
spectrum (Fig. 1). Bands from all parts
(terminal imidazole ring, hydrocarbon chain,
and sulfur group) of IMHA are clearly visible.

Therefore, it was shown that SHINERS is
a perspective technique allowing the collection
of molecular level information f_rom smooth Au Fig. 1 Raman spectrum of IMHA adsorbed on smooth
surface fOI’ a bettel' UnderStandlng Of mO|ECU|aI' Au surface (a) and SHINERS Spectrum from smooth
structures and functions. Au surface with adsorbed IMHA (b).

|
(b)

Raman intensity
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Polarity sensors based
on thiophene-substituted
BODIPY molecular rotors

Background

 Easy way to image viscosity is provided by
viscosity-sensitive fluorophores - molecular

rotors. [1]

* BODIPY based molecular rotors are very

promising because of
functionalization, high molar
coefficients, monoexponential
lifetime and photostability. [2]

their

easy

extinction

fluorescence

* A recent research has showed that attached
thiophene moieties to the BODIPY core can
rotate and this suggests that these derivatives

could be sensitive to viscosity. [3]

* In this work two thiophene-substituted
BODIPY molecular rotors with (BDP-N) and
without (BDP-T) -NO, group are investigated.

BODIPY

R =

-H BDP-T

‘NO, BDP-N
R

Thiophene impact >

e Attaching thiophene
moieties to BODIPY
increases the conjugated
system.

Absorbance

* Longer, more

biocompatible wavelengths
are achieved as well as a
larger Stokes shift in

contrast to BODIPY. 0.0

Viscosity impact

* Fluorescence spectroscopy
measurements show
negligible distinction between

lifetimes when solvent
viscosity is increased.
e BDP-T and BDP-N

derivatives cannot be used as
microviscosity sensors.

Temperature impact

e BDP-T and BDP-N
dissolved in cyclohexane and
BDP-T in chloroform showed
decreasing FL lifetime with
increasing temperature.

IS
in

dependence
BDP-N

* Reverse
seen for
chloroform.

 The studied derivatives
are not temperature sensors.

Absorbance:

- -BODIPY Tol
- -BDP-T Tol
- -BDP-N Tol

Fluorescence:

BODIPY Tol

- —— BDP-T Tol
—— BDP-N Tol
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Orientation polarisability

Lippert’s equation was used to rank

pure solvents by their polarity.

Vilnius
University

Here € is a relative permittivity and n is the refractive index of a pure solvent.
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* Increasing orientation P BDP-T Methanol
- .. 7
polarization of the solvent £
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[ [ [ [ _I
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quantum vyield for both 0.0 b= . . S
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Wavelength, nm
* Sensor sensitivity 9x103 , . .
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Conclusions

 Adding thiophene moieties in 2- and 6- BODIPY positions increases
molecule’s conjugation, redshifts fluorescent spectra and enables to achieve
large Stokes shift. Furthermore, a transformation of viscosity sensor to

polarity sensor is achieved.

* Fluorescence decays of BDP-T and BDP-N are monoexponential, which

simplifies data analysis

measurements.

reduces

counts required for

photon

It is possible to create a polarity probe based on these molecules,
especially BDP-N, which is more sensitive to solvent polarity than BDP-T.
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* In this work, Transient Photocurrent, Time-Delayed Collection Field and Transient Fluorescence techniques are combined to address charge
carrier trapping processes during their lateral motion in prototypical methylammonium lead 10dide perovskite (MAPDbI,) films formed on
interdigitated electrodes.

* Carrier mobility decreases on hundreds of ns timescale, and 1ts rate depends on the motion character—it 1s faster when charge carriers drift in the
electric field and slower when the motion 1s caused by diffusion only. This difterence becomes particularly evident at low temperatures. Based on the
time-delayed collection field data and carrier motion modelling results, 1t 1s demonstrated that the rapid mobility decay at low temperatures 1s mainly
caused by the energy barriers, most likely formed at crystallite boundaries.

* Suggested concept of the potential barriers moves beyond the conventional understanding of carrier mobility, diffusion, and recombination
processes 1In hybrid perovskites.

3.8eV

Pt Pt

S e
>.3eV 53ey 2.3eV

Figure 1. a) Top view scanning electron microscope (SEM) 1images ot MAPDbI, and

b) The cross-sectional SEM image demonstrates lateral configurations of the Figure 2. Energy level diagram of used
perovskite films deposited on IDE. samples
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Figure 4. a) Photocurrent kinetics at
different temperatures measured at 2 V Figure 5. Photocurrent kinetics at different
Flglzllj;?ff’»- Transient photocurrent klr;eltjlcs a) at applied voltage and 15 nJem ™ excitation temperatures obtained by modified TDCF
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Introduction

Hybrid perovskite materials have witnessed immense development in a range of optoelectronic devices, such as
bright tunable LEDs, fast and sensitive photodetectors, and especially efficient solar cells. Chemical doping of
perovskites with foreign atoms is a promising way to tailor material properties towards improving performance
and stability of solar cells.

In this work [1], we discuss the efficiency increase in perovskite solar cells based on MAPDbI; active layer, doped
with 0.1 to 5 % of Sr?* agent. A small amount <1 % of Sr** added to the perovskite improves open-circuit voltage
by ~100 mV and consequently enhances the power conversion efficiency from 16.8 % to 17.8 %.

By employing transient photoluminescence, transient photocurrent and time-delayed collection field
measurements we show that doping of MAPbl; by low content of Sr* additives (< 0.4 %) reduces the electron
trapping efficiency. Whereas the reduced trapped electron density suppress nonradiative Shockley-Read-Hall
recombination, which positively impacts open circuit voltage of perovskite solar cells.
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Fig. 1 Energy surface in MAPDI, film with
and without small amount of Sr?* doping

. Transient Photocurrent

Figure 2 shows the transient PL
dynamics of the investigated MAPDI,
films. The decay kinetics were fitted
with multiexponential decay
functions, and the relaxation times
obtained from the approximations
are provided in Table 1.
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Figure 3 a) Photocurrent kinetics
of pristine MAPDbI; at indicated
applied voltages and b)
normalized photocurrent kinetics
in samples with different Sr?*
concentrations at 1.0 V applied
voltage. The insert in (b) shows
integrated photocurrent kinetics
(not normalized).

IV. CONCLUSIONS

Figure 5 summarizes results in a simple representative model (note that
the SEM image does not correspond to the actual Sr** concentration
sample but is used as a base for the schematic). Here, the green arrow
shows the direction of an electric field.

In Figure 53, the carrier dynamic is shown in a neat MAPbI; film. After
the generation of charge carriers, holes are easily extracted (red arrow),
whereas electrons swiftly fall (solid blue arrow) into a trap state
(glowing yellow circle), from which they are slowly extracted by the
electric field (dotted blue line).

The trap density decreases significantly in the presence of a low amount
of Sr2* additives (Figure 5b), which, despite resulting in increased V.,
also enhances bimolecular recombination, as shown in the figure.

Higher Sr2* concentration (Figure 5c), leads to the formation of deep
trap states (glowing red circles). Electrons generated in the vicinity of
such trap states fall into them and contribute to the slow photocurrent
component.

[1] Jasiunas, R.; Gegevicius, R.; FranckevicCius, M.; Phung, N.; Abate, A.; Gulbinas, V. Suppression of Electron Trapping in MAPDbI3 Perovskite by Sr2p Doping. Phys. Status

Solidi RRL 2020, 5.
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Usage of biosensing systems containing enzymes is the promising and accurate method
for detection of various compounds concentration in biological samples. Some of the most
important properties describing enzyme are selectivity and enzymatic activity. In order to create
and improve biosensor it is necessary to understand the properties of immobilized enzyme
related to the influence of the surrounding environment.

The glucose-methanol-choline (GMC) superfamily is large family of oxidoreductases typically
containing FAD-binding domain. Some members include oxidases like glucose oxidase (GOx),
pyranose oxidase (POx), cholesterol oxidase (ChOx) and alcohol oxidase (AlOx). Electron donor
substrates for GMC oxidoreductases range from various sugars and alcohols to cholesterol [1].
Amplex Red (10-acetyl-3,7-dihydroxyphenoxamine) is colorless and nonfluorescent reagent that
is widely used as a probe to detect H202 in various biological samples [2]. In reactions catalysed
by GOx, POx, ChOx and AlOx hydrogen peroxide is formed which then reacts with Amplex Red
in the presence of horseradish peroxidase (HRP) and forms colored, highly fluorescent
compound resorufin. Resorufin has exitation and emission maximum of 571 nm and because of
high exitation coefficient enzyme activity can be determined fluorometrically or
spectrophotometrically.

The purpose of this research was to evaluate activity of GOx, POx, ChOx and AlIOx
enzymes in different acidic values using Amplex Red reagent and determine optimal pH values
for every enzyme. Our results show that Amplex Red assay can be used in measuring H20:2
released after enzymatic reaction. With decreasing acidity of the medium enzyme's activity
increases. The amount of formed resorufin during enzymatic reactions increases respectively by
reducing pH. At optimal medium acidity formed resorufin amount is largest whitch shows that
enzyme's activity there is the highest.
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Graphene, material with exceptional physical properties, when synthesized using
exfoliation, lacks certain qualities when grown directly on semiconducting surfaces. Although,
microwave plasma enhanced chemical vapor deposition (MW-PECVD) can increase production
rates of graphene, this form of synthesis introduces fair amount of defects [1]. To tackle this issue
thermal annealing is rather straight forward method, which usually increases the overall quality
of graphene by reducing the number of defects and other structural deformations, however there
are other predominant effects, such as doping and strain, which could damage the sample [2].
Graphitic structure examination is usually based on Raman spectroscopy measurements which
helps to determine both structure quality and thickness (graphene case).

In this work, four graphene samples were grown on Si(100) substrates, using MW-PECVD
system (IPLAS Innovative Plasma Systems GmbH). Samples were thermally annealed using
different temperatures (200-800°C) and environments (Ar, N2, vacuum) in order to thoroughly
evaluate the changes of graphitic structures. All annealing’s were performed for 30 min. The
characterization of graphene samples was carried out using Raman spectrometer (Renishaw
inVia, 532 nm, 4.5 mW) by analyzing changes in D, 2D and G bands. After annealing in Ar
environment at temperatures, lower than 800°C, l2o/lc ratio changed from 1.04 to 0.47 and Io/lc
ratio changed from 1.3 to 1.45, suggesting appearance of additional deformations. At higher
temperatures (800°C, Ar) the graphitic structure collapses due to difference in thermal expansion
coefficients between the graphene sheets and the substrate. Annealing in N2 environment, Izp/lc
changed from 1.6 to 0.62 and Ip/lc from 1.56 to 2.02 hinting a huge increase in defective sites
and strain development. After investigating changes in Raman spectrum after annealing in
vacuum we have found out that I2p/lc changed from 0.61 to 0.23 and Io/lc from 1.53 to 1.71,
showing that the dominant effect is rather defect formation than reduction, however values
indicate a large number of layers, which could lead to inconclusive estimations.

In conclusion, we can see that our graphene structures are imperfect, which is true for such
materials synthesized using MW-PECVD, however we believe that defect reduction could be
achieved when samples exhibit more prominent graphene characteristics.

REFERENCES

[1] S. Zheng et al.; RSC Advances 7 (2017) pp. 33185-33193.
[2] M. Alyobi et al.; Crystals 7 (2017) pp. 349.



In-situ probing of SAM and tBLM layer formation on nanostructured gold by
ATR-SEIRAS

Vaidas Pudzaitis', Martynas Talaikis?, Gediminas Niaura’

'Department of Organic chemistry, Center for Physical Sciences and Technology, Sauletekio ave. 3, LT-10257 Vilnius, Lithuania.
2Institute of Biochemistry, Life Sciences Center, Vilnius University, Saulétekio av. 7, LT-10257 Vilnius, Lithuania

INTRODUCTION

Attenuated total reflection surface-enhanced infrared reflection absorption spectroscopy (ATR-SEIRAS) is a powerful tool for in-situ analysis of molecular
phenomena at the nanostructured metal surface. Various processes can be monitored in the water environment and under electrode potential control. Even more,
a good signal-to-noise ratio provides the possibility to track the formation process of the self-assembled monolayers (SAMs). We demonstrate the use of ATR-
SEIRAS for probing a two-step process of tethered bilayer lipid membrane (tBLM) formation. The tBLMs are living-cell membrane mimicking constructions which
are used for biosensing applications, and as a platform for fundamental studies of biological membranes.

EXPERIMENT

During the first step (Fig. 1A), SAM layer is formed from lipid-like WC14 [20-tetradecyloxy-3,6,9,12,15,18,22-heptaoxahexatricontane-1-thiol] compound mix with
B-mercaptoethanol (BME) on the nanostructured gold surface (Picture 1) [1]. Surface was prepared by electroless plating procedure on 0.25 ym polished silicon
with 7.5 mM NaAuCl, solution containing Na,SO,, Na,S,0,, NH,Cl and NH,4F salts at room temperature [2].
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Picture 1. AFM image of 0.25 um polished Si prism surface (left) covered with gold by electroless plating (right).

SAM formation was monitored on FT-IR spectrometer equipped with MCT detector (Bruker, Vertex 80v) and VeeMax™ ATR accessory (PIKE technologies) at 4
cm! resolution (~11 s/spectrum). EtOH solution on gold was used as a reference spectrum. Data representing 1mM WC14:BME (3:7 ratio respectively) SAM
formation are shown in figure 1C. By observing C-H stretching peaks of WC14 (Fig. 1D), it can be confirmed — initial SAM formation is complete in ~2-3 min time.
On a second step (Fig. 1B), ethanol was exchanged with water, which lead to WC14 methyl and ethyl peak shifts of 2 cm' towards lower energy (data not
shown). This step was used as a reference for further FTIR observations. The tBLM was deposited from multilamellar vesicles (MVCs) prepared from 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC) and cholesterol (CHOL) by pipetting 100 pl [3]. DOPC tBLM formation in ~15-20 min can be observed by plotting C-H
stretch peak intensities against time (Fig. 1F). Additionally, water exchange from SAM’s surface can be seen occurring concurrently (Fig. 1E).
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Figure 1. ATR-SEIRAS experiment’s schematic representation on gold covered silicon prism in Ethanol (A) and water (B) phases. FT-IR spectra overlay of WC14 SAM
formation (EtOH as a reference) (C) and its CH, peak intensities over time plot (D). FT-IR spectra overlay of DOPC tBLM formation (E) and its CH, peak intensities
over time plot (Water on SAM as a reference) (F)

CONCLUSIONS

We demonstrate, that ATR-SEIRAS can provide complementary and in some cases unique molecular level information to already widely used methods. We show,
that WC14 based SAM absorbs to the nanostructured gold surface in 2-3 min., while the DOPC based tBLM is formed in 20 min., pushing ethanol and water
molecules (for SAM and tBLM respectively) away from the surface at a similar rate. Additionally, we see phase exchange (EtOH to H,0O) effect on C-H stretch
vibrations, that confirms tighter SAM ordering.
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The electromagnetic manifestation of Fano resonance
was discovered in metasurface (MS) by Fedotov et al. [1] and
later was widely investigated by many other researchers.
Usually, it occurs in MS made from asymmetric split-ring
resonators, but it was also observed in mirror-symmetric MS
made from usual split-rings [2]. In this case, Fano resonance
arises due to the interaction of 3rd order plasmonic mode and

lattice mode.

In this work, we investigate such a mirror-symmetric MS,
the unit cell of which is shown in Fig. 1. The MS is made on 125
Mm thickness substrate with a dielectric constant 2.2. The

dimensions of the unit cell in the lateral plane are 1200 um
and 600 uym. The width of the resonators is 500 ym, the
width of the strip and the gap is 50 ym. The resonators are
made from 9 uym thickness cooper foil. The 2 ym thick layer
with the same dielectric constant, which can be made from
conductive polymer, is placed on the front or the back side
of the substrate. Numerical modelling was performed
using CST Microwave Studio software.

Calculated dependences of transmittance at the
maximum amplitude of the Fano resonance on specific
conductivity of the layer situated on the front and back
sides of the MS are shown in Fig. 2. It is seen that the
difference in the transmitted signal through the MS is
observed depending on the layer position when the
conductivity of the layer is as low as 0.01 S/cm. On the
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Fig. 1 The array of split-ring
resonators with conductive layer on
a top. The electric field is perpen-
dicular to resonators’ gap.
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Fig. 2 The transmittance at the maximum
amplitude of the Fano resonance versus
specific conductivity of the layer. Resonan-
ce frequency at front side configuration is
222.9 GHz, at back side - 224.4 GHz.

one hand, the decrease of the transmittance on the conductivity is larger when the layer is placed
on the resonator plane. On the other hand, the dynamic range is wider in the back side
configuration. High sensitivity of the Fano resonance amplitude in the proposed structure to the
low-to-mid conductivity planar sheet could be useful in sensing applications or modulation of

electromagnetic waves.
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The evolution of new technologies brought to humankind not only comfortable environment, but also new treats. The major treat is environmental
pollution that leads to various diseases and requires new processes, diagnostic systems. Surface enhanced Raman spectroscopy (SERS) is one of
the most sensitive techniques of vibrational spectroscopy that gives information about the material in molecular level. Nowadays there are plenty
techniques for SERS substrates fabrication, that must meet three conditions: certain metal surface (Au, Ag, Cu), the surface is rough and sample must
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Fig.1. SEM images of bSi (a, b) and bSi/Au (c, d) substrates; (e) TEM
image of the silicon cone covered by 25-50 nm thick gold layer.
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Fig. 2. Raman spectra of 4-MBA monolayer on

SiO,/Au smooth substrate (a), of bulk 4-MBA

(b), and SERS spectra of 4-MBA (c) and living
rat glioma cell (d) on the bSi/Au substrate.
Excitation wavelength is 785 nm.

The enhancement factor of the
SERS-active bSi/Au substrate
~2x108.

Ipsi/au /
Npsijau

EF =
Ibulk/
Np

ulk

where Iggi/au (Npsijau) and
Iyuik  (Npwx ) are Raman
intensities  (numbers  of
irradiated molecules) of 4-
MBA monolayer on the
bSi/Au substrate and bulk 4-
MBA on the SiO, substrate
obtained at the same laser
power and time
accumulation, respectively.

Assignments of vibrational bands of 4-MBA in solid and adsorbed
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Fig. 3. (a) top-view SEM image of bSi/Au showing horizontally (perpendicular to the
wavevector k ”) oriented bi-spheres and dumbbell-like particles; (b) side-view SEM image
of bSi/Au showing vertically (along the wavevector k ~) oriented bi-spheres and dumbbell-
like particles; (c) elementary nanostructures selected for numerical simulation of the E-field
enhancement.
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Fig. 4. E-filed enhancement maps at the irradiation wavelength of 790. (a)
Si@Au (44nm@21nm), (b) Au bi-sphere (r = 25 nm, distance 47.5nm), (c) Au
bi-sphere (r = 25 nm, distance 55 nm), (d) dumbbell-like structure (r, = 13.5
nm). A and V are maximum and minimum values of the E-filed enhancement,
respectively.

We perform a new bSi material possessing the unique properties
allowing the use of the bSi sputtered with gold substrate as a highly
sensitive stable SERS-active platform for detection of not only trace
amounts of small organic molecules, but also living cells. The produced bSi
surface due to its significant roughness, submicron regular cone structures
evenly distributed over the entire surface, their high density allows to obtain
the SERS-active surface with sufficiently good EF of about 108 and to
create evenly distributed hot spots through the deposition of only 25+50 nm
gold layer instead of 100-400 nm traditionally used, significantly reducing
production costs. Simulation results fully proved high E-field enhancement
and revealed the major impact of LSPR in SERS properties of BS/Au
substrates. Moreover, it was established that only vertical nanostructures
alignment along bSi/Au cones provides appearance of the resonant
absorption in NIR and significant E-field enhancement with EF of 104-108.

The BS/Au substrates may be easily fabricated in a large-scale using
existing techniques, with the tune control of specific surface parameters,
providing efficient enhancement, stability and reproducibility, and is a
promising substrate for biosensor systems.
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Evolution of the surface transport through topological phase transition. Zn
doping-induced topological phase transition from a Dirac semimetal (DSM)
to a trivial insulator in (Cd,_Zn,);As, [1]
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Although Cd;As, as a semiconductor material is known for
almost a century, it has not found wide applications so far. The main
reasons are difficulties in technology and doping. However, the
large tunability of band gap from 0 eV for Cd;As, to 1 eV for Zn,As,
makes it an ideal material for infrared and terahertz applications.
Also interests in this material was renewed by the theoretical study
showing the presence of a pair of symmetry protected three-
dimensional Dirac cones [2]. Indirect proof of this theoretical
prediction is the extremely high electron mobility and the strong
dependence of the electrons effective mass on their concentration.
Extraordinary electronic properties and high mobility make it

interesting for terahertz applications.

In this work, crystals of (Cd,,Zn,¢);As, were grown by were
grown by horizontal Bridgman method [3]. The studied samples of
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AlGaN/GaN HEMTs [1,2] and nMOS [3] -
transistors are reported as the most sensitive . Hydrodynamic
field effect transistor-based terahertz detectors.

The advantage of HEMT is high electron mobility
(up to 1500 cm?/Vs) and the disadvantage is the
presence of passive ungated regions which
introduce additional series impedance
contributing to the loss of high-frequency signal.

-0.5
1.0 THz
1.0
-1.5- L, =100 nm
-2.0

-2.54

Current responsivity, A/W

-3.04
——HfO, 5 nm, AlGaN 15 nm, L,. =0 nm

The advantage of nMOS is the absence of -3.51 ——HfO, 0 nm, AiGaN 20 nm, L,,; = 100 nm
ungated regions and the disadvantage is low =

electron mobility (about 250 cm?/Vs) due to high T
acceptor density (about 2e18 cm3®) in the Gate voltage, V

channel. Fig. 1 Current responsivity of the HEMT without

ith i L I h Le.
Here, we propose the HEMT-based THz and with ungated regions Luc and gate length Le

detector with 5 nm HfO:2 dielectric between the
gate electrode and the AlGaN layer, which allows to separate the gate from the source and drain
terminals without involving ungated regions.

For numerical calculations of detector characteristics, we have employed two-dimensional
hydrodynamic modeling performed with Synopsys TCAD Sentaurus program package
comprising Poisson's equation, continuity equation, current density equation and energy balance
equation for electrons and holes. It accounts for the formation of spontaneous and piezoelectric
polarization charges in GaN and AlGaN layers, as well as the dependence of carrier mobility on
doping density and carrier temperature.

The comparison of current responsivity of the HEMT with and without ungated regions and
the gate length Le = 100 nm is shown in Fig. 1. The results clearly indicate that the presence of
ungated regions with the length Luc = 100 nm reduces the maximum of the current responsivity
at 1 THz by about 2 times. The minimum NEP at 1 THz is about 3 times lower in the HEMT
without ungated regions.
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Performance of Titanium-based Microbolometers for Monitoring of Spatial Beam Profile
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Spatial mode profile and its control in terahertz (THz) imaging and
spectroscopic systems is one of the most important constituents to
enable high data quality. Moreover, convenience in use and
abilities for precise optical alignment without additional optical
components would be attractive advantage in practical
implementation of the systems.

In this communication, convenient and easy-to-use both
resonant and broadband antenna coupled ultrasensitive titanium-
based microbolometers are demonstrated for fine adjustment and
control spatial mode profiles in THz time-domain systems. The

— "H“”
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(c) mm
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Fig. 3. The beam profile evolution of System 1 and System 2, separately
recovered by three different detectors. (a) recorded by 0.3THz detector, (b)
recorded by 0.7THz detector, (c) recorded by broadband detector.

358
284

189

Fig. 5. The spatial characteristic of System 1 without Lensl along z- axis
detected by 0.7 THz microbolometer.

CONCLUSIONS

Spatial mode profiles and polarization-resolved mode structures
are recorded by titanium-based microbolometers in two THz time-
domain systems. It is found that three microbolometers reproduce

REFERENCES

devices were found well-suited for implementation for medical

imaging aims [1].

Three types of microbolometers [2] with the narrow band

dipole antenna of 0.3 THz, 0.7 THz and a log-periodic broadband
antenna [3] were explored. Femtosecond laser with a wavelength
of 780nm, pulse duration of 90 fs and output power of 150mW at
80 MHz pulse repetition rate was used for optical excitation. The
photoconductive antennas made from LT-GaAs offers a wide

transmission spectrum from 0 to 5THz in the experiment.
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Fig. 2. The schematic diagrams and parameters of TDS setups in System 1 and
System 2, photos of three microbolometers. The angle 0 is defined on the photo

of 0.7THz detector.
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Fig. 4. The evolution of beam profile, peak power and SNR with different

polarization in System 1 and System 2.

well the spatial

mode profile of time-domain spectrometer.

Polarization-sensitive mode control possibilities are also examined

in details.
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We demonstrate compact TW-class VIS-NIR wavelength range Noncollinear Optical Parametrical Chirped Pulse Amplifier
(NOPCPA) with an almost lossless spectral bandwidth due to the formation of “M”-shaped picosecond pumping pulses after

the SHG-conversion. Moreover, the reuse of depleted pulses after the first SHG cascade increases the overall efficiency.
N\ /

Compact TW-class VIS — NIR wavelength range laser system

The progress of natural science as well as a paradigm shift in the economy became inconceivable without the implementation of superstrong
electromagnetic fields. However, the commissioning of high-intensity lasers within ELI framework is more a form of budget redistribution than a
solution, because the cumbersome and time-consuming laser architecture is doomed to downtime, while scientists and technologists remain on the
waiting list.

Ultrashort, high energy, tunable wavelength laser pulses are in demand for a wide range of applications in ultrafast and strong field physics. Of
great interest is their use for driving secondary radiation sources, such as the generation of THz and attosecond X-ray pulses. In addition,
filamentation of ultrahigh intensity laser pulses in air opens up unprecedented opportunities for remote gas sensing. Recent studies have shown that
an increase in the wavelength of the driving laser radiation makes it possible to generate higher photon energy attosecond X-ray pulses [1], as well as
Improve the efficiency of THz generation [2]. Furthermore, filamentation in air also benefits from longer driving wavelength because the wavelength
scaling of the critical power of self-focusing allows more energy to be contained in a single filament.

In this work we present a cost-effective laser system that provides a choice of output pulses: >20 mJ, 1.2 ps with M?<1.1 at 1030 nm [3] or >2 mJ,
<20 fs with M?~1.2 at 790 nm [4], as well as probe supercontinuum (SC) at 500 — 2400 nm [5]. A multi-octave SC in the range up to 2400 nm allows
the use of a similar OPCPA architecture to develop a sub-TW laser in the 2 ym spectral range for the high order harmonics generation or remote
sensing of gases by filamentation. However, to eliminate the need for expensive periodically poled nonlinear crystals, we are developing an
alternative concept for broadband Transient Stimulated Raman Chirped Pulse Amplification (TSRCPA) [6].

PUMPING SOURCE OPCPA SEED AND PUMP PULSES
Yb:YAG CPA and Pulse Compresssor Suercontlnuum and Second Harmonic Generation
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Input seed energy [mJ] Delay [ps] % i l ‘ | | | L | Fundamental pulse energy [mJ] Delay [ps]
. 1200 1500 1800 2100 2400 Fig. 3 SHG Conversion efficiency in the first and second SHG cascades (left). Temporal
Fig. 1 The output energy (black) and gain (red) of CPA versus the seed energy (left) and Wavelength [nm] profiles of the second harmonic pulse after the second SHG cascade (right).
autocorrelation trace of amplified pulses after compression (right). Fig. 2 Supercontinuum spectra in 15 mm YAG crystal. v Compressed pulses converted to the ¥ Further frequency doubling of depleted
_ _ _ _ second harmonics in LBO and BBO pulses in BBO provides “M"-shaped
| \/Amp||f|ed pulses with a total gain of ~3.500, v Pulse compression up to ~1.2 ps. v’ Stable single-filament supercontinnum  spanning crystals with 62% and 70% efficiency: pump pulses at 515 nm with 5 mJ
an output energy of up to 22 mJ. ~500 nm to ~2400 nm in YAG rod of 15 mm length. overall ~85% efficiently. output energy and ~2 ps pulsewidth.
- v’ Excellent beam quality M2 < 1.1. v/ SC shows an energy stability exceeding the v After the first SHG cascade: 12 mJ output
v Pulses energy stability better than 1 %. pumping laser. energy at 515nm and ~ 1.2 ps pulsewidth.

IN PROGRESS: Transient Stimulated Raman
compact femtosecond VIS — NIR — SWIR laser system OPCRA = VIS-NIR Chirped Pulse Amplification
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The progress of natural science as well as a paradigm
shift in the economy became inconceivable without the
implementation of superstrong electromagnetic fields.
However, the commissioning of high-intensity lasers within
ELI framework is more a form of budget redistribution than a
solution, because the cumbersome and time-consuming laser
architecture is doomed to downtime, while scientists and Fig. 1 Layout of high peak power
technologists remain on the waiting list. laser system at FTMC.

On the contrary, a cost-effective laser system built on two 1.5 m? breadboards (Fig. 1) by
the efforts of one graduate and 1-2 students provides a choice of output pulses: >20 mJ, 1 ps
with M?<1.1 at 1030 nm [1] or >2 mJ, <20 fs with M?~1.2 at 790 nm [2], as well as probe
supercontinuum (SC) at 600 — 2500 nm [3]. Using more pump diodes or increasing their power
allows to further scale the peak power over 1 TW. Laser is based on easily reproducible modules:
fiber laser front-end, two-stage double-pass Yb:YAG chirped pulse amplifier (CPA), grating
compressor, SC generation, two cascades of second harmonic generation (SHG), three stages
of noncollinear optical parametric chirped pulse amplifier (OPCPA), and chirped mirrors
compressor. Using the same pump source for OPCPA and SC provides inherent synchronization
and greatly simplifies the scheme. The energy conversion efficiency was improved due to the
reuse of pump pulses depleted in SHG [1], and the maintenance of a wide OPCPA bandwidth
due to their temporal shaping [2]. The solutions developed during the project were implemented
at Ekspla Ltd in technological and scientific lasers. The obtained ultrashort high-energy laser
pulses are ideally suited for the generation of highly efficient THz [4] and coherent X-ray radiation.

The demonstration of a multi-octave SC in the range up to 2500 nm [3] allows the use of a
similar OPCPA architecture to develop a sub-TW laser in the 2 um spectral range for the high
order harmonics generation or remote sensing of gases by filamentation. However, to eliminate
the need for expensive periodically poled nonlinear crystals, we are developing an alternative
concept for broadband Transient Stimulated Raman Chirped Pulse Amplification (TSRCPA).

Two of the co-authors are grateful to Eksma Ltd for providing student scholarships. This
research was sponsored in part by the NATO SPS Programme under grant G5734.
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