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This volume presents the Proceedings of the 4th International Conference on Nanotech-
nologies and Biomedical Engineering (ICNBME), which was held on September 18-21, 2019
in Chisinau, Republic of Moldova. ICNBME-2019 continued the series of international
conferences in the field of nanotechnologies and biomedical engineering with the main goal
focused at bringing together scientists and engineers dealing with fundamental and applied
research for reporting on the latest theoretical developments and applications in the fields
involved.

The conference covered a wide range of subjects of primary importance for research and
development such as nanotechnologies and nanomaterials; plasmonics and metamaterials;
bio-micro/nanotechnologies and devices; biomaterials for medical applications; biomimetics
and sensors; biomedical instrumentation; biomedical signal processing; biomedical imaging
and image processing; bioinformatics; medical physics and biophysics; molecular; cellular and
tissue engineering; clinical engineering; health technology management and assessment;
health informatics, e-health and telemedicine; biomedical engineering education; innovation,
development and interdisciplinary research; nuclear and radiation safety and security.

The papers included in the Proceedings reflect the results of multidisciplinary research
undertaken by about one hundred of groups worldwide. Special attention is paid to the devel-
opment of novel nanotechnologies and nanomaterials, in particular of bio-nanotechnologies and
bio-nanomaterials. New biocompatible materials are proposed for use in regenerative medicine,
cellular and tissue engineering. Interesting data on novel chemical and biosensors are reported
which are based on nanostructured metal oxides and hybrid nanocomposite materials.

Considerable progress has been achieved at the intersection of nanotechnologies, infor-
mation technologies, and biomedicine as, for example, in health informatics, biomedical
signal, and image processing. New theoretical and experimental results are highlighted in such
fields as superconductivity, novel magnetic materials, metamaterials, aeromaterials, opto-
electronic and photonic materials, photovoltaic structures, quantum dots, one- and
two-dimensional nanomaterials, multifunctional hybrid materials like core—shell structures,
etc. The Proceedings reflect the state of the art in controlling the properties of several classes
of nanocomposite materials for important future applications in various fields. It is worth to
note that the Proceedings include also a number of review papers reflecting the fascinating
history and recent achievements in the development of novel solid-state structures as well as
nanoelectronic and optoelectronic devices on their basis.

We hope that the papers included in the ICNBME-2019 Proceedings will be of interest for
established researchers working in multidisciplinary fields of science and technology, young
scientists, students and broad community wishing to get up-to-date information on progress in
the fast-developing areas of nanotechnology and biomedical engineering.

Chisinau, Moldova Acad. Prof. Ion Tiginyanu
Prof. Victor Sontea
Dr. Serghei Railean
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Ion Tiginyanu
tiginyanu@asm.md

Academy of Sciences and Technical University of Moldova, Chisinau, Republic of Moldova

Gallium nitride, a wide-bandgap semiconductor compound (E, = 3.4 eV at 300 K), has in the
past two decades registered a fascinating increase in the crystalline quality of epitaxial layers
determining its leading role in the development of the modern solid-state lighting industry.
Exhibiting an impressive number of unique properties such as high breakdown voltage, high
switching frequencies, enhanced power efficiency, high electrical conductivity, excellent
thermal stability, and radiation hardness, over the past decade GaN has been remarkably
successful in the area of high-power/high-frequency electronic applications and is now con-
sidered the second most important semiconductor material after Si. In this paper, we report on
new fields of research and applications of gallium nitride.

First, we describe the possibility to fabricate ultrathin GaN-suspended membranes for
multifunctional applications. In particular, these suspended membranes were used to fabricate
networks of memristor devices exhibiting basic learning mechanisms such as habituation and
dishabituation to a certain electrical stimulus [1].

Second, we report on GaN biocompatibility and on the possibility to mark living cells with
hollow GaN nanoparticles exhibiting piezoelectric and magnetic properties. We show that the
living cells marked by GaN:Fe nanoparticles can be guided in a controlled fashion using
applied magnetic fields which is important for use in cell therapy [2].

Third, we report on three-dimensional nanoarchitectures of GaN for nano/microfluidic,
microrobotic, and biomedical applications. The three-dimensional nanoarchitectures are based
on GaN microtubular structures with nanoscopic thin walls which exhibit dual hydrophobic—
hydrophilic behavior [3]. The microtubular structures are shown to self-organize when
interacting with water, forming self-healing waterproof rafts with impressive cargo capabilities
(cargo up to 500 times heavier than the floating raft). Along with this, we demonstrate
self-propelled liquid marbles with exceptional mechanical robustness which may find appli-
cations as bioreactors for scalable in vitro cell growth. The physical properties of the new
material based on three-dimensional GaN architectures will be presented in the context of its
prospects for various biomimetic applications. Along with this, the novel material is shown to
exhibit shielding capabilities against electromagnetic radiation in X-band [4].

We will discuss the feasibility to use the nano/microtubular structures on GaN for the
fabrication of light-driven nano/microengines with performances higher than those inherent to
microengines based on arrays of TiO, nanotubes [5].
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Vacuum devices are dominant in high power and high frequency. Though thermal cathodes
are widely used in vacuum devices, if the thermal cathodes are replaced with cold cathodes,
more superior devices are expected. The conventional cold cathodes with an electron
extraction gate are field emitters (FEs). The FEs, however, have two big problems such as
current fluctuation and beam divergence. The current fluctuation is suppressed when the FE is
operated in ultrahigh vacuum or connected in series to a constant current source such as a
field-effect transistor [1, 2]. For the beam divergence, though the double-gated FE with both an
electron extraction gate and a focus gate was proposed, the electron emission current was
significantly reduced when the electron beam was focused. Recently, we have developed the
volcano-structured double-gated field emitter (VDG-FE) [3, 4]. The VDG-FE can focus
electron beam without a decrease of the emission current. By using the VDG-FE, we are
developing the compact image pickup tube which is applicable to a radiation-tolerant image
sensor [5].

As the second topic, I will talk about fabrication of graphene and its application to planar
Graphene—-Oxide—Si (GOS) tunneling cathodes with an extremely high electron emission
efficiency. The MetalOxide—Si (MOS) tunneling cathode is a fine cold cathode, because it has
fluctuation free emission current, produces uniform emission from the whole emitter area, and
has a highly directional electron beam. Furthermore, the electron emission is almost inde-
pendent of the ambient gas pressure. However, MOS cathodes have very low electron
emission efficiency less than 1% [6]. We synthesized graphene by low-pressure chemical
vapor deposition. We have developed GOS tunneling cathodes with an extremely high
electron emission efficiency larger than 20% by replacing the poly-Si gate electrode of MOS
cathodes with a graphene electrode [7].

References
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Several types of polymer-based structures including micelles, polymersomes, nano- and
microparticles (-capsules/-spheres), molecular imprinting polymers, dendrimers, nanogels,
hydrogels and interpenetrated polymer networks have been developed and tested as potential
systems of interest for biomedical applications. Advances in polymer science—focusing on an
improved control of polymer molecular weight, polydispersity, structure, properties, and
functionality through the synthetic approach—have led to the development of several novel
systems designed for drug/gene delivery and tissue engineering, two recently emerging areas
with pivotal role for both research/academic community and industry, new niche markets
being generated. They yielded the development of tailored polymer materials, engineered to
exert distinct biological functions, implying multi-functionality as well as appropriate
form/architectural features (with the implication of nanotechnology), and giving rise to
specificity and high responsiveness (i.e., stimuli-responsive polymers and polymers capable of
molecular recognition).

In this context, the presentation summarizes the challenges in the synthesis of macro-
molecular compounds to be used as nanovectors/carriers for gene delivery, pointing on syn-
thetic polymers as a possible realistic solution to specific challenges, and outlines the current
state of the art, focusing on the newest approaches to improve systems effectiveness and
responsiveness. Some recent original results are briefly described and expected future direc-
tions are underlined.
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Nanosensors play a great role in the world of nanotechnology and are demanded nowadays
due to miniaturization of electronic devices in many countries for the development of faster
portable diagnostics techniques or sensing systems, as well as interconnected setups for
extensive customer applications. Size effect and introducing additives in semiconducting
oxides make them suitable for sensing by tuning their selectivity, response, and reliability. The
present overview is aimed to summarize our results in this field and reported ones too [1, 2]. It
is known that companies developing nanosensors, especially in medical applications should
consider a series of characteristics (molecular, toxically, secondary reactions creating side
products, etc.). I will demonstrate how networked or single nanowire/nanosensors are built by
a new bottom-up approach with electronic [1], chemical [3], physical [2], magnetic properties
of emerging semiconducting oxide materials leading to their tuning toward new applications in
nanotechnology, nanoelectronics, and biomedical fields. Improvements in the past years were
made following new requirements of selectivity, response, reliability, and lower power con-
sumption of the nanosensors [4]. One of the major factors driving the market for nanosensors
is increasing demand for nanosensors in homeland security (e.g., detection of biotoxines,
radiations, etc). In this work, we report on a single nanowire/nanorod/nanotetrapod nanode-
vices fabricated by using platinum complex maskless nanodeposition in the dual-beam
focused electron/ion beams (FIB/SEM) scientific instrument Dualbeam Helios Nanolab (FEI).
The bottom-up method is based on the assembly of nanoscale building blocks to design and
growth the desired nanostructure-based sensor. The main advantages of such an approach are
the nanomaterial growth control with near-atomic precision and synthesize it with
desired/tuned chemical compositions which are not accessible or very expensive with con-
ventional top-down technologies. These nanodevices open absolutely new perspectives for
nanoelectronics and biomedical applications. I gratefully acknowledge the support of the Kiel
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University, Germany for an invited professor and visiting scientist positions in 2019. This
research was partly supported by the Technical University of Moldova. This research was
partly supported by the STCU within the Grant 6229.
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Today’s advanced materials are coined by structural, chemical, and functional properties that
require combined approaches of cutting-edge methods for their characterization. In order to
determine the structures on multiscale, several techniques have to be combined synergistically,
e.g.. atomic resolution transmission electron microscopy (TEM), X-ray- and
Synchrotron-based analyses. In this contribution, several complex nanostructured materials
will be discussed with respect to their real structure—property relationships. In case of mul-
tilayer materials, the design of sensor devices is enabled via tuning of their layered compo-
nents. For instance, ultrathin films of FeCo have been magnetically decoupled by layers of TiN
to ensure high thermal stability, soft magnetic behavior and a coercive field strength scaling
with the individual FeCo layer thickness. In the field of thermoelectrics, chalcogenide-based
multilayers are known as the materials of choice for achieving ultralow thermal conductivity.
Moreover, these materials are of great interest for fundamental research as demonstrated by the
discovery of novel transition metal based heterostructures. In case of telluride-based phase
change materials, the interfaces between the nanolayered components themselves are estab-
lishing the device function. Via in situ TEM, the atomic processes and defect dynamics
interrelated to switching can be examined, enabling the characterization of switching mech-
anisms. More complex nanoarchitectures can be produced by dedicated syntheses as
demonstrated for spark plasma sintered chalcogenides and the laser ablation synthesis of
bimetallic core—shell nanoparticles. In the latter case the bimetallic particles, e.g., for the
system Au-Fe, can be used as templates for etching experiments thus enabling the preparation
of highly porous Au nanoparticles with well-defined porosity distribution.
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Study of topological matter is one of the fascinating main roads of modern physics. The
present overview is aimed at topology- and geometry-driven effects, owing to special
geometries of novel micro- and nanoarchitectures fabricated of both conventional and topo-
logically nontrivial materials implemented by the high-tech techniques, in particular,
self-organization [1, 2]. I will demonstrate how topology of the quantum fields determines
electronic [3], excitonic [4], optical, superconducting [5], magnetic, thermal [6] properties of
emerging nanostructured materials leading to their functionalization towards novel applica-
tions in advanced nanotechnologies, including biomedical ones [7]. Self-assembled quantum
volcanos, which are singly connected, surprisingly exhibit the Aharonov—Bohm behavior in
experiment. This is explained by the fact that in a quantum volcano the electron wave
functions are identical to the electron wave functions in a quantum ring from a topological
point of view. Combination of a geometric potential and an inhomogeneous twist renders an
observation of the topology-driven effects in the electron ground-state energy in Mobius rings
at the microscale into the area of experimental verification. Advances in the high-tech roll-up
fabrication methods have provided qualitatively novel curved superconductor micro- and
nanoarchitectures, e.g., nanostructured microtubes and microhelices. Rolling up supercon-
ductor Nb nanomembranes into open tubes allows for a new, highly correlated vortex
dynamics regime that shows a threefold increase of a critical magnetic field for the beginning
of vortex motion and a transition magnetic field between single- and many-vortex dynamic
patterns. These results demonstrate pathways of tailoring nonequilibrium properties of vortices
and phase slips in curved superconductor nanoarchitectures leading to their application as
tunable superconducting flux generators for fluxon-based information technologies. For var-
ious micro- and nanoarchitectures, we have found a possibility of efficiently engineering the
Seebeck coefficient and electric conductivity in one-dimensional stacks of quantum dots,
acoustic phonon energy dispersion in one-dimensional quantum-dot superlattices,
cross-section-modulated nanowires, Si wires ranging from nanoscale to microscale, and, more
recently, multishell tubular structures, which are promising candidates for an advancement in
thermoelectric materials [6]. Soft and reconfigurable swimming microrobots [7], which are
fabricated within the high-tech roll-up approach, open new avenues for biomedical applica-
tions. I gratefully acknowledge the support of the COST Action “Nanoscale Coherent Hybrid
Devices for Superconducting Quantum Technologies” CA16218 and the German Research
Foundation (DFG) under grants #FO 956/4-1 and FO 956/5-1.
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End-stage diseases lead to permanent organ failure and can occur in all ages. Organ trans-
plantation often appears as a single option to save the patient’s life and represents the current
standard of care for chronic end-stage disease of many organs. Transplantation of a new organ
improves not only the life expectancy but also the quality of life of the patient. However, the
main problem in transplantation remains donor organ shortage. Often patients are dying on a
waiting list, because not enough organs are available through donation to meet the increasing
demand.

To overcome this situation, since years alternative approaches have been intensively
investigated by the researchers. The usage of animal organs for human transplantation may
solve the problem of organ shortage. However, organ rejection still remains the main problem
for xenogenic transplantation. Animal breeding using gene therapy represents ongoing efforts
to knock-out from xenogenic tissue the epitopes responsible for hyper-acute rejection.

The past decade’s rapid advancement in cell biology and bioengineering opened new
perspectives for treatment of end-stage diseases. On the one hand, the efforts are made toward
stimulation of endogenous repair mechanisms and tissue regeneration. On the other hand, the
idea of biofabrication of new organs is currently pursued by scientists, engineers, and
physicians. Active research in the field of biocompatibility and tissue engineering will give the
possibility to restore damaged or diseased tissues in vivo and create living tissue and organ
replacements.
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Micro- and nanotechnologies together with the creation of new materials have facilitated the
development of a variety of medical microbots, with low power consumption and certain
degree of complexity. Such medical microbots are classified into three main categories,
according to their propulsion mechanism: chemical, physical, and biohybrid [1]. The first
group are the ones that employ catalytic materials which react with the microbot surroundings,
forming subproducts which lead to their forward motion if the asymmetry in any of its forms is
present. In this work, catalytic micromotors made by using two-photon lithography, with
highly reproducible geometry, are presented as model structures to understand the different
propulsion regimes which are present when varying parameters such as medium viscosity,
microbot surface tension, or fuel concentration. Physical microbots, on the other hand, need
external physical sources to be actuated, for example, magnetic fields, light, or acoustic waves.
An application using magnetically driven helical micromotors is shown to capture, transport,
and release immotile but living sperm cells, to encounter one of the most common men
infertility problems, asthenozoospermia or reduced sperm motility [2]. Therefore, the proposed
artificial flagellum is conceived as a sperm prosthesis to help sperm reach the oocyte. Finally,
the third category, biohybrid microbots, is constituted by a biological and an engineered
component to combine the advantages of both, such as the ability of cells to move through
different taxis mechanisms (e.g., chemotaxis, rheotaxis, thigmotaxis), their compliance which
allows them to move in intricate and complex cavities and channels in living organisms, and
their ability to sense their environment and interact with the surrounding biological tissues. On
the other side, the engineered component is used to improve cargo-capacity, as contrast agent
for imaging, to perform alternative operations such as micro-drilling, micro-grasping, or
synthetic sensing, among others [3]. In this presentation, one of the most known biohybrid
systems is presented, the so-called spermbots or sperm-hybrid microbots [4-6]. In this
assembly, the sperm is motile and provides the whole system with a natural propulsion
mechanism. The synthetic part is used for sperm guidance, release, and cargo-delivery of
drugs. All of the above-mentioned microbots have in common the engineered microparts
which can also be functionalized with imaging reporters for further in vivo bioimaging, which
is a key prerequisite to transfer this technology to in vivo settings. Thus, the use of different
materials and structures is shown to improve their contrast and selectivity when visualized
below biological tissues [7]. Other current challenges which still remain like microbots bio-
compatibility, multifunction, and adaptability will also be discussed.
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Rapid demographic changes demand improved biomedical diagnostic technologies with
rapidness, low cost, and high throughput, without sacrificing the sensitivity. Considering the
miniature size, scalability of fabrication, and ease of chemical modification, nanoscale
ion-sensitive field-effect transistors (FETs) packaged in small chips and integrated with
additional circuits and lab-on-a-chip structures are ideal candidates to fulfill the task. In this
talk, I will give an overview of the advances that we have achieved in this direction, showing a
variety of technologies and solutions for different applications. On the one hand, we have
demonstrated the validity of honeycomb-shaped nanowires as sensor material of FETs for
microorganism monitoring activity and screening of antibiotic effects [1]. While traditional
approaches rely on optical techniques to measure cell growth, it is rather difficult to distinguish
between certain bacteriostatic or bactericide agents. We demonstrate how an electrical-based
detection of cell metabolic activity can help to tackle this drawback, by measuring the acid-
ification caused by bacteria that are still alive despite the absence of growth upon bacteriostatic
treatment. The analysis of the cells’ response under various conditions opens the way to
perform optics-less minimum inhibitory concentration assays. On the other hand, we have
shown high sensitivity in disease diagnostics [2-3], giving steps toward multiplexing of a
variety of pathogens in pico- and femtomolar levels. Integration of different sensors on a single
chip can be critical to discriminate rapidly the presence of a specific lethal disease showing
similar initial symptoms to others. While the most common FET measurement technique
during target molecule attachment is based on the shift of the threshold voltage, recently new
alternative methodologies have been demonstrated. I will show the relation of memory
properties, e.g., memristive properties [4] and gating hysteresis [5], to the presence of attached
biomolecules on the dielectric surface. Additionally, I will discuss the integration of micro-
fluidics offering compartmentalization [6]. Encapsulating enzymes in nanoliter droplets
enables the electrical monitoring of hundreds of chemical reactions, critical for
high-throughput analysis increasing statistics and parallelizing the experiments in a tiny space.
Finally, the transfer of nanomaterials to flexible supports by very simple and low-cost tech-
niques will be shown. Bottom-up grown silicon nanowires can be transferred to alternative
substrates like plastic foils by a parallel contact printing technique [2], while more
hydrophobic materials such as MoS, form thin layers on a water tank that remain on the
surface after an evaporation process, forming large area sensors [7]. The resulting sensors
withstand further mechanical stress than that needed for external body measurements, envi-
sioning their use in wearable devices and smart skins.
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In the last decades, polysaccharides are more and more investigated either as biodegradable
and biocompatible matrices for drug delivery and for tissue engineering systems [1, 2] or as
renewable substitutes of synthetic polymers (tributary of exhaustible fossil resources), usually
combined with different inorganic compounds able to tailor specific properties and high-tech
uses [3, 4].

The presentation deals with clean chemical and physical methods for the preparation of
chitosan hydrogels for cutaneous repairing, of magnetic or high k cellulose-based composites
and of polysaccharide-based polyelectrolyte composite membranes for fuel cell applications.
Their specific properties in correlation with their structures are also discussed.
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L. Siebert, M. I. Terasa, N. Ababii, O. Lupan, and R. Adelung

Abstract

Sensors start to play an ever increasing role in human life
and new technologies for their cost-effective mass produc-
tion are required. In this work, the one-step 3D-printing of
nanoflakes—nanowire covered Fe,O3;/Fe—CuO/Cu,0O/Cu
microparticles (MPs) with diameters of ~10 pm on the
surface of glass substrate successfully forming an ordered
net is reported for the first time. 3D-printed Fe—Cu and only
Cu MPs-based stripes formed non-planar CuO/Cu,O/Cu
and Fe,03/Fe—CuQ/Cu,O/Cu heterojunctions after thermal
annealing at 425 °C for 4 h in air and were fully covered
with nanoflakes of Fe,O; and CuO nanowire net bridging
MPs with external Au-contacts. The morphological, chem-
ical and structural investigations were performed in detail,
showing the high crystallinity of the 3D printed material.
This concept proves to be easily translatable to other
semiconducting, metallic or functional microparticles for
the rapid fabrication of sensor devices.
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1 Introduction

Nowadays, three-dimensional (3D) printing has attracted a
significant amount of attention, for example, for the manu-
facturing of custom devices or complex and functional parts
[1, 2]. Another very important field is the fabrication built
from functional nanomaterials or as macro- or microdevices
via 3D-printing technologies due to the low-cost and easy
processing [3-5].

In this field of biomedical engineering, 3D-printed com-
ponents or biosensors have gained a significant attention,
due to novel design possibilities e.g. for innovative strain
sensors [6—8] or full electronic components [9]. The reason
for this boom in this new and quite efficient technology is the
compatibility with standard techniques from materials sci-
ence for both the materials preparation as well as the post
processing after 3D printing.

In this regard, Direct Ink Writing (DIW) has become a
prominent technology, focusing on the fabrication of devices
and particle systems from a viscous liquid ink [10, 11]. With
this technique, even complex-shaped micro- and nanoparti-
cles can be arranged in 3D or as 2D traces for micro- and
nanoelectronics [12]. Here we present the simple integration
of semiconducting oxides by DIW of metal particles with
subsequent heat treatment to form sensor nets for volatile
organic compound (VOC) detection.

2 Experimental

Spheroidal copper particles (~ 10 um) and spheroidal iron
particles (~ 10 pm) were obtained from Sigma-Aldrich. For
the copper based sensor, the 3 parts by weight of Cu parti-
cles were sonicated in 2 parts distilled water for 5 min after
which polyethylene oxide (PEO, M, = 2,000,000), obtained
from Sigma-Aldrich was added. The solution was stirred
until a homogeneous, viscous state was reached for the ink.
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The concentration of PEO in the final ink was 6% by
weights.

For the Cu-Fe based sensor array, both copper and iron
particles were sonicated in 96% Ethanol for 5 min. Poly-
vinyl butyral (PVB) was kindly provided by Kuraray Co.
Ltd. and was added and the solution was stirred at room
temperature until a homogeneous mixture was obtained. The
mixing ratios of the final ink by weights were 3:1:0.5:0.5
(Ethanol:PVB:Fe:Cu). Both inks were printed in a
custom-built DIW apparatus. The Cu-based ink was printed
with a tapered nozzle (diameter d = 0.41 mm) with a con-
stant printing speed of 0.6 mm® s, while the Cu—Fe-based
ink was printed with a nozzle diameter of d = 0.58 at a speed
of 0.46 mm® s™'. One layer was printed for both variations
with a layer height of 0.1 mm. The printing substrate was a
standard glass slide. After printing, the objects were dried at
room temperature overnight and subsequently heat-treated
for 4 h at 425 °C in air.

Micro-Raman, X-Ray Diffraction and Scanning Electron
Microscopy were done to investigate the structural and
morphological properties of the printed constructs.

Micro-Raman was performed at room temperature using
a WITec system. A Nd:YAG laser was used which power
was set to less than 4 mW.

The wavelength of the laser was 4., = 532.2 nm and each
spectrum was taken with 10 accumulations at an integration
time of 1 s.

XRD was performed on a Seifert 3000 TT unit at 40 kV
and 40 mA, with CuK,, radiation (1 = 1.540598 A).

Additionally, interdigitated gold contacts were sputtered
onto the samples (~ 170 nm), to measure the sensor proper-
ties. By determining the resistance ratios AR/R,;,, where R,;,
and R, and AR = R,,,—R,;, are the electrical resistances of
the printed sensor in ambient air and under exposure to VOCs,
respectively. More details on the sensing experiments can be
found in previous works on gas sensing [13, 14].

For all further results and the discussion, the copper-
based sample set will be named CuO 3D and the
copper-iron-based sample set will be named CuO-
F6203 3D.

3 Results and Discussion

In Fig. la is presented XRD for CuO 3D sample annealed
TA at 425 °C for 4 h, where detected three phases (CuO
monoclinic, Cu,O and Cu cubic). In XRD was detected
mainly CuO (Tenorite) at 20 of 32.65°, 35.65°, 46.7°, 48.8°,
58.25°, 61.5°, 68.05°, 72.6°, 75.35°, 83.85°, 90.05° and
95.2°, respectively. Reflections at 20 of 36.5°, 42.35°,
52.75°, 73.35° and 77.7°, are due to Cu,O (Cuprite) phase.
Also, at 20 of 43.35°, 50.5° and 74.15° were detected
reflections of metallic Cu, accordingly.
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Fig. 1 a XRD patterns of the 3D printed nanowire CuO/Cu,O/Cu
heterojunction net after thermal annealing at 425 °C for 4 h in air for
CuO 3D-T sample set; b Raman spectra for CuO 3D-T sample set from
(a), in insertion is SEM for CuO 3D-T; ¢ Raman spectrum of the 3D
printed nanoflakes—nanowire covered Fe,O3/Fe—CuO/Cu,0/Cu
microparticles (MPs) heterojunction net after TA at 425 °C for 2 h in
air



3D-Printed Sensor Array of Semiconducting Oxides

In Fig. Ib is shown micro-Raman for CuO 3D an-
nealed TA at 425 °C for 4 h which confirms Cu,O and CuO
in the printed samples after annealing, where intense modes
at 283, 332 and 610 cm™! are due to CuO (Tenorite) and
weaker peaks at 129, 215 and 627 cm ™' are due to Cu,O
(Cuprite). In insertion you can see SEM for CuO 3D sam-
ples covered with nanowires on top of CuO/Cu,O/Cu
microparticles (MPs).

In Fig. lc is shown micro-Raman for CuO-Fe,O; sam-
ples TA at 425 °C for 4 h, where modes of Cu,0, CuO and
Fe,O3; phases in MPs are observed, namely modes A,
(297 cm™"), B, (345 cm ™) and B] (633 cm ™) corresponds
to CuO (Tenorite), mode (143 cmfl) corresponds to Cu,O
as well as A} (227 cm '), E} (246 cm ™), EZ (297 em ™), E}
(408 cm™"), A (498 cm ™) and E} (612 cm™') which are
due to a-Fe,O5 (Hematite). In the insertion of Fig. 1c, SEM
images can be seen for CuO-Fe,O3; nanowires—nanoflakes,
which are covering the Cu and Fe MPs.

The gas sensing results are presented in Fig. 2.

Figure 2a shows the gas response for ethanol and
2-propanol on CuO 3D samples. A higher selectivity for
2-propanol can be observed at the operating temperature
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Fig. 2 Gas response to 100 ppm of ethanol and 2-propanol vapors for
the 3D-printed sensor on: a nanowire CuO/Cu,0/Cu heterojunction net
at OPT of 300, 350 and 400 °C for sensor on CuO 3D; b nanoflake-
nanowire Fe,03—CuO/Cu,O/Cu microparticles (MPs) with diameters of
15-25 pm heterojunction net at OPT of 200 °C up to 400 °C for
sample set CuO-Fe,O3 3D

(OPT) of 300 °C, whereas ethanol only invokes a low
change in resistance. At 350 °C the gas response for
2-propanol slightly increases, while the increase in gas
response for the ethanol is a lot higher. When the OPT is set
to 400 °C, the gas response for ethanol does not change,
while the response for 2-propanol strongly decreases. This
shows, that the selectivity towards either VOC can be
switched by increasing or decreasing the OPT for 3D printed
Sensor.

A reason for this behavior might be the desorption of
more volatile 2-propanol at higher temperatures, while the
less volatile ethanol can still attach onto the nanowires of
CuO. Details on the proposed gas sensing mechanism is
given in previous works [14, 15].

For the CuO-Fe,03; 3D samples, no such trend can be
observed. The selectivity towards either component is not
very pronounced and the gas response is generally lower,
than for the Cu 3D samples. However, a constant increase of
the gas response is found to an OPT of 300 °C. After that, it
constantly decreases. Around 300 °C seems to be the opti-
mal temperature range for the detection of VOC for the
Fe,O5/Fe—CuO/Cu,O/Cu samples.

Figure 3a shows the dynamic gas response of the optimal
OPT for the CuO-Fe,O5; 3D samples. The response to the
inlet of the gas is immediate, as well as the response to the

30
(@) CuO-Fe,0,-3D, OPT 300 °C

ourt

25 -

20 -

15

10 - N

Gas Response (%)

Ethanol vapors
100 ppm

0 20 40 €0 80 100 120
Time (s)

0,1 4

0,01 4

1E-3 1 Reom Temperstuse, Cu0 30
|- - - (2 Room Temperaturs, CuD-Fe0 3

— (3 0PT 200 °C, Cw0 30

- - - t4) 0P 200 °C. CuD-FoD 30
1E-4 +—morrmec.conin

-~ (61 OPT 300 °C, CuD-Fe0 30

— (1) 0T 400 °¢, Cu 30

= -r&I‘DI! IWI‘C Cvoll 0 JDI

5 4 3 2 4 0 1 2 3 4 5
Voltage (V)

Abs.Current (mA)

1E-5

Fig. 3 a Dynamic response to 100 ppm of ethanol vapors 3D-T
printed nanoflakes—nanowire covered Fe,O3/Fe—CuO/Cu,O/Cu MPs
heterojunction net (sample set 3D). b Current-voltage characteristics of
Fe,05/Fe—CuO/Cu,0/Cu and CuO 3D sensor at different operating
temperature



gas reduction. As can be expected the time constants for
both reactions are different, shown by the sharper increase
upon gas inlet and the slow decrease on the gas outlet. This
is related to the ad- and desorption mechanism, respectively,
indicating that the desorption of gas is slower that the
adsorption.

In Fig. 3b the I-V-curves with logarithmic display are
shown for all samples tested for their gas response with their
respective OPT. For the CuO 3D samples, a strong increase
in the conductivity can be observed, when the temperature is
raised from RT to 200 °C. Another increase can be
observed, when the temperature is raised to 300 °C, however
a lower conductivity is observed, when the temperature is at
400 °C. This means, that for the nanowire net, the intrinsic
conductivity is reached at 300 °C, with no further increase in
charge carrier concentration upon temperature increase.

When no higher charge carrier concentration can be
reached, the classic mechanism for the temperature depen-
dence in conducting materials is dominant which include
scattering of electrons on the vibrating lattice (phonons).
With the maximum conductivity at an OPT of 300 °C, it
seems obvious that the highest gas response at the same
temperature is related to the conductivity. The base con-
ductivity gets lowered by the adsorption of the gas mole-
cules, thus increasing this conductivity results in a higher
change in resistance. The same mechanism is not as easily
applicable to the CuO-Fe,O3 3D sample set, as its con-
ductivity steadily increases with increasing temperature,
indicating that the iron oxide is not in its intrinsic state at
400 °C. The maximum of the sensitivity at 300 °C with
respect to the proposed mechanism for the CuO 3D samples
indicates that the absorption of gas is mainly governed by
the CuO/Cu,0O/Cu heterojunctions and not by the iron oxide.
With higher temperatures, the iron oxide shortcuts the cop-
per oxide, leading to conductive pathways not afflicted by
the adsorbed gas species.

4 Conclusions

The rapid 3D-printing of CuO/Cu,O/Cu microparticles
(MPs), which possess diameters of 15-25 pm on the sensors
substrate surface is successfully reported for the first time.
3D-printed Cu and Cu-Fe MPs-based stripes with high
shape fidelity formed non-planar heterojunctions after ther-
mal treatment at 425 °C in air and were fully covered with
dense 20 nm thick nanowire or nanoflakes net. The mor-
phological, chemical and structural investigations were
performed in detail, showing the high crystallinity of the
NWs and 3D-printed CuO/Cu,0O/Cu heterojunctions lines, as

L. Siebert et al.

well as the growth of CuO NWs on the surface of
microparticles MPs. The gas response can be mainly related
to the ability to absorb VOC onto the surface and the general
conductivity of the semiconducting parts. When the
adsorption is low, an increase in the conductivity can
shortcut the gas response on those parts, where the VOCs are
adsorbed.
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We have performed broad-band spectroscopic investiga-
tions of vibrational and relaxational excitations of water
molecules confined to nanocages within artificial beryl
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and mineral cordierite crystals. Signatures of quantum
critical phenomena within the H,O molecular network are
registered in beryl. In cordierite, a density functional
analysis is applied to reconstruct the potential energy
landscape experienced by H,O molecules, revealing a
pronounced anisotropy with a potential well of about
10 meV for the molecular dipole moment aligned along
the b-axis. This anisotropy leads to a strongly temperature
dependent and anisotropic relaxational response of the
dipoles at radiofrequencies with the activation energies
corresponding to the barriers of the rotational potential.
At T =~ 3 K, we identify signatures of a transition into a
glassy state composed by clusters of H,O dipoles. Rich
set of anisotropic and temperature-dependent excitations
are observed in the terahertz frequency range which we
associate with rotational/translational vibrations.

Keywords
Nanoconfined water ¢ Spectroscopy ¢ Quantum
criticality * Ferroelectricity

1 Introduction

A cutting edge of recent condensed-matter science is the
study of phenomena occurring on the nanoscale, where
qualitatively new properties can arise not known from the
regular macroscopic bulk state of matter. Understanding the
nature of the emerging new phases and their relations to the
physical, chemical, geometrical, and morphological charac-
teristics of the environment is of great fundamental and
technological interest, but is presently still at its infancy. In
the studies, special attention is paid to water due to its
widespread prevalence and omnipresence on Earth and its
critical importance for biological systems and organisms.
Although the isolated H,O molecule seems to be rather
simple, bulk water remains one of the least understood lig-
uids. Under the conditions of nanoconfinement, it acquires
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an even greater variety of diverse and intriguing properties.
Understanding such properties is important for geology,
biology, mineralogy, ionic liquids, nanosciences and
applications.

An ideal playground for the studies of confined water is
provided by hydrated dielectric crystals whose ionic struc-
ture contains nanosized cavities with just a single water
molecule. Among those systems, especially attractive are
beryl Be;Al,SigO,g and cordierite (Mg, Fe),Al4SisO,g. Both
include channels elongated along the c-axis that contain
voids of 5.1 A diameter, hosting single H,O quasi-free
molecule [1, 2]. The caged H,O molecules are at a distance
of approximately 5-10 A and are thus free of H-bonds but
coupled by electric dipole-dipole forces (the dipole moment
of the water molecule is p = 1.85 Debye). In hexagonal
beryl, water molecules experience a 6-well potential land-
scape with an amplitude of ~1 meV. In orthorhombic cor-
dierite the potential is fourfold and asymmetric with the
deeper wells (=10 meV) for the water dipole moment ori-
ented along the b-axis. In this work we present the first
experimental results demonstrating signatures of quantum
critical phenomena within the H,O molecular network
within the crystalline matrix of beryl. First detailed mea-
surements of broad-band dielectric spectra of cordierite
reveal signatures of a transition into glassy state among
clusters of H,O dipoles. The results are obtained by applying
radiofrequency and terahertz spectroscopic techniques sup-
plemented by specific heat measurements and DFT analysis.

2 Experimental Details

All studied crystals were carefully analyzed by X-ray scattering
and cut into slices needed for the polarization-dependent mea-
surements. The results are obtained on artificial beryl [3] and
mineral cordierite from India (the detailed location is
unknown). The spectra of complex dielectric permittivity &*
(v) = &'(v)H &"(v) were determined at radio and micro
(v =1Hz-1.3 GHz) as well as terahertz (v = 0.3-3 THz)
frequencies in a broad temperature interval 7 = 0.3-300 K and
for three principle polarization directions Elja, E||b and E]|c. At
radiofrequencies, we used a Novocontrol Alpha AN High
Performance Frequency Analyzer, an Andeen-Hagerling
2500A capacitance bridge and a coaxial reflectometric tech-
nique employing an impedance analyzer (Keysight 4991B). For
terahertz measurements, a commercial time-domain TeraView
3000 spectrometer was used. The dielectric experiments were
complemented by measurements of the heat capacity in the
relaxation method employing a PPMS system (Quantum
Design). In all experiments, measurements on dehydrated
samples allowed us to extract the characteristics determined
exclusively by a network of water molecules.
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3 Results and Discussion

In Ref. [3], incipient ferroelectricity was reported in a system
of water molecules in beryl. It was shown that the ferro-
electric phase transition was suppressed by quantum effects
(tunneling of the dipole moments within the six-well crys-
talline potential [5, 6]) that emerge below 10-20 K. Here, we
demonstrate that at these low temperatures the properties of
the water subsystem reveal signatures of quantum critical
behavior. The transition from the classical paraelectric
regime to the state where quantum effects dominate is doc-
umented by the temperature behavior of the inverse dielectric
permittivity, (¢))”, the parameter that is linked to the state of
electrical polarization of the material. In particular, while
cooling down below a certain classical-to-quantum regime
crossover temperature, the Curie-Weiss behavior (g’)_1 ~
T changes into a different form, (6’)_1 ~ T", where the critical
exponent y approaches a value of y =2 or y = 3 for multi-
axial or uniaxial dipoles orientations, respectively [7-9].
Another dielectric indication of the closeness of the system to
the quantum-critical point is provided by the existence of a
shallow minimum in the temperature dependence of (¢') ' at
the lowest temperatures. This minimum is considered to be
caused by the coupling of the critical optical soft modes
(lattice vibrations that drive the displacive ferroelectric
transitions) to acoustical phonons. A similar minimum was
observed, e.g., in the prototypical incipient ferroelectric
StTiO5, which is also close to quantum criticality at low
temperatures [10]. According to Fig. 1, the observed tem-
perature evolution of the low-frequency inverse permittivity
(¢! in hydrous beryl exhibits these two typical signatures
of quantum critical behavior in the form of its quadratic (not
cubic—see lower inset in Fig. 1) variation with temperature
over the 3—-12 K interval and a shallow minimum in the
)"\ dependence below 3 K.

We thoroughly measured the dielectric response of
nanoconfined water molecules in mineral cordierite in order
to check for the possibility of a macroscopic ferroelectric
phase transition that was not observed in beryl. According to
our DFT analysis, the localizing potential is strongly
asymmetric in this crystal and the H,O molecules tend to
align their dipole moment along the b-axis. From Fig. 2 it is
seen that in the polarization E||b the low-frequency permit-
tivity is fully determined by single-particle excitations
observed at terahertz frequencies, as discussed below. In the
E||a case, there is a pronounced peak in the &'(7) behavior
that is caused by a strong temperature dependence of a broad
relaxational excitation at radiofrequencies, as demonstrated
in Fig. 3.

In Fig. 4 we present the peak frequency of this relaxation
as a function of temperature. Though the data shown in
Figs. 2, 3 and 4 resemble the dependences typical for relaxor
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T(K)

T2 (K3

Fig. 1 Temperature dependence of the low-frequency (1 kHz) inverse
dielectric permittivity (¢'—g) ' plotted versus temperature squared, of
a hydrous beryl crystal measured with E_Lc polarization (dots). The red
solid line demonstrates that the dependence is quadratic in temperature
in the range 4-12 K and not cubic, as seen in the lower inset. &, = 7.9
is the high-frequency contribution to the permittivity from the lattice
vibrations and interband transitions [4]. The upper inset shows the
temperature dependence of dielectric permittivity and the inverse
dielectric permittivity of nanoconfined water in beryl measured with
polarization ELlc. At around T =2 K the dependences exhibit a
shallow maximum and corresponding minimum, respectively
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Fig. 2 Temperature dependences of real dielectric permittivity of
nanoconfined water in mineral cordierite crystal measured at various
frequencies for polarizations E||b (upper panel) and E||a (lower panel).
WEF denotes the data obtained on water-free (dehydrated) crystal
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Fig. 3 Temperature-dependent relaxation in the radio-frequency spec-
tra of nanoconfined water molecules in cordierite measured a various
temperatures for polarization E|la. WF (cyan symbols) denotes the
spectrum measured on water-free (dehydrated) crystal
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Fig. 4 Temperature dependence of the peak frequency of the relax-
ational excitation observed in the radio-frequency spectra of hydrous
cordierite crystal, see Fig. 3. Solid line describes the data with the
Arrhenius expression Aexp(—E /kgT) + Bexp(—E,/kgT) (A and B are
constants) with two activation energies of 11.2 meV at 7~ 10—-30 K
and 4.6 meV at T~ 4-7 K. Dotted line corresponds to the
Vogel-Fulcher expression used to describe the dielectric response of
relaxor ferroelectrics [11], fr = fy exp[—U/kg(T — Tyr)] where U is
the activation energy, Ty is the characteristic temperature and f; is the
attempt frequency

ferroelectrics [10] (see also caption for Fig. 4), we exclude
such scenario here for the following reasons: (i) the
Vogel-Fulcher fit to the data (Fig. 4) leads to a negative
divergence temperature Tyg = —10 = 1 K, that is of no
physical meaning and (ii) the obtained Vogel-Fulcher
attempt frequency fy ~ 10'® Hz is unreasonably high—one
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expects it to be of the order of phonon frequencies, i.e.,
10'?-10"° Hz. Fitting the temperature dependence of the
peak frequency of the relaxational band at 3.5 K < T < 30
K with the Arrhenius expression Aexp(—E/kgT) + Bexp
(—E»/kgT) (A and B are constants, kg is the Boltzmann
constant) results in the activation energies E; = 11.2 meV
for 35 K<T<30K and E, =4.6 meV for 4 K< T<
7 K. We associate these energies with the potential barriers
experienced by nanoconfined water molecules.

At lower temperatures, T <3 K, we observe a broad
relaxation that hardens upon cooling (Fig. 3). We connect this
behavior to smeared-out polar phase transition into a disor-
dered low-temperature state among the 3D dipolar complexes
of H,O molecules that are coupled along the three crystallo-
graphic axes. This transition is also confirmed by an anomaly
in the temperature dependence of the specific heat of the water
subsystem detected at close temperature of T~ 6 K.

Figure 5 displays the terahertz spectra of the optical
conductivity of water subsystem in cordierite. The response
is strongly anisotropic. For the E|ja polarization it is in
qualitative agreement with the predictions of the mean-field
model described in Nakajima and Naya [12]: during cooling,
the spectral weight of hindered rotational modes is trans-
ferred to librational oscillations of the dipole moments. The
fine structure seen in the terahertz spectra at the lowest
temperatures can be connected to transitions between the
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Fig. 5 Terahertz spectra of optical conductivity of nanoconfined water
molecules in cordierite crystal measured at different temperatures for
polarizations Ella (upper panel) and E||b (lower panel). WF denotes
spectra obtained for water-free (dehydrated) crystals
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tunnel-split energy levels caused by rotational tunneling of
the H,O molecule within the potential.

For the polarization E||b we observe two terahertz exci-
tations that significantly soften while cooling down. We
associate them with translational vibrations of H,O mole-
cules located in the wells of the localizing potential. The
softening of these modes should be connected with strong
anharmonicity of the localizing potential.

4 Conclusions

Broad-band (radio-frequency up to terahertz) dielectric
studies are performed of a network of interacting water
molecules each confined to nanocage within the crystal lat-
tice of hydrous beryl and cordierite. In hexagonal beryl, we
identify signatures of quantum critical phenomena within the
H,O molecular network. In orthorhombic cordierite,
radio-frequency relaxation is observed for the E||a polariza-
tion that hardens at low temperatures. This behavior indi-
cates a transition to a glass state within water molecular
clusters. Anisotropic sets of excitations are detected at ter-
ahertz frequencies, which we assign to complex translational
and librational vibrations of confined water molecules.
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Abstract

The exchange electron-hole (e-h) Coulomb interaction
changes essentially the properties of the two-dimensional
(2D) magnetoexcitons, whose electron structure is mainly
determined by the action of the Lorentz force and by the
direct e-h Coulomb interaction. The exchange interaction
leads to the mixing of the two bare magnetoexciton states
with total angular momentum projections F = £1. As a
result instead of them two new superposition states one
symmetric and another asymmetric appeared. The sym-
metric state acquired a Dirac cone dispersion law in the
range of the small in-plane wave vectors |I_€H |lo <1, where
Iy is the magnetic length, with group velocity proportional
to the magnetic field strength. The quantum transitions to
this state from the ground state of the crystal under the
influence of the light with both circular polarizations have
the equal probabilities, being strongly dependent on the
direction of the light propagation as regards the plane of
the layer. The probability is maximal in the Faraday
geometry and vanishes in the Voigt one. In difference on
it, the asymmetric state is characterized by the usual
dispersion law inherited from the bare magnetoexciton
states, is dipole active in both circular polarization, but
does not depend on the direction of the light propagation.
In the case of light with linear polarizations the both
symmetric and asymmetric states reveal the quantum
interference effects.
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Magnetoexcitons ¢ Strong magnetic field * Quantum
interference * Dirac cone dispersion law
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1 Introduction

The role of the exchange electron-hole (e-h) Coulomb
interaction in the physics of the two-dimensional (2D)
magnetoexcitons is investigated. Up till now only the direct
Coulomb e-h interaction of the electrons and holes under-
going the Landau quantization (LQ) in a strong magnetic
field perpendicular to the layer, in conditions when the
cyclotron energies of the particles are greater than the
binding energy of the 2D Wannier-Mott exciton was taken
into account. In these conditions the Lorentz force plays a
decisive role and determines the dipole structure of the 2D

magnetoexciton The dipole arm d is perpendicular to the
center-of-mass wave vector EH and is proportional to its

modulus d = |E|‘|l%, where [ is the magnetic length. The
direct e-h Coulomb interaction determines the binding
energy of the magnetoexciton, its ionization potential /; and
the dispersion law, demonstrating an example of a strong
interdependence between the relative and the center of mass
motions of the e-h pair in the frame of the magnetoexciton
bound state [1-3].

The bare magnetoexciton states are characterized by the
e-h angular momentum projections F' = s7 + ]h with the four
possible values =1 and £2. Two of them with F' = +1 are
spin allowed in optical quantum transitions giving rise to the
dipole-active, bright excitons in GaAs quantum wells
(QWs), whereas the another two are spin forbidden, forming
the dark states. The two dipole-active bright magnetoexciton
states with ' = £1 under the influence of the direct Cou-
lomb e-h interaction have the coincident energy levels. Their
degeneracy is removed by the influence of the exchange e-h
Coulomb interaction. The description in which way it takes
place and of the new physical properties arising in these
conditions are the main contents of the paper.
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2 Optical Quantum Transitions
from the Ground State of the Crystal
to the Superposition Magnetoexciton
States. The Interference Effects

Bellow the optical absorption of the photon leading to the
excitation of the magnetoexciton superposition states arising
under the influence of the exchange electron-hole Coulomb
interaction will be investigated. The initial states of the
light-matter system are formed from the ground state of the
crystal and from the one photon states with different circular
and linear polarizations. The photon creation operators with
different circular 6’% and linear s and 7; polarizations look as

[2-4]
(€)= (g 2ic)T V2

&]zi = (3,; + l?,;)/\/i 75 = 63kZ+E“;E“ = Zi]kx-Fﬁzky,

Side by side with the circular polarizations Er']?i for the

light, it is reasonable to introduce the circular polarization
¢, for the magnetoexcitons in the way

3y = (@ %id) [V2. 2)

Here the unit in-plane vectors d; and d,, as well as the
perpendicular to the plane unit vector g3 were introduced.
The four initial photon states are

i) = (e ) o 1) = (e ) o

©)
i) =l 10 1) =l o).

where |0) is the light-matter vacuum state. The initial states
obey to the normalization and orthogonality conditions

T T
(0[C; . (c;yi) 0) =1; (0]Cp. (c,;,;) 10y = 0,
T T ,
((le3 (c,;yi) 0) =1 / V2 (0lC;; (C/z,i) 0) = i / NG
(4)
The final states of the light-matter system in our case are

the superpositions ’lpg(l_{”)> of the 2D magnetoexciton

states determined in the way
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‘lﬁ (1?\|>> =Cy [fﬁix(—l;/?u) + 672““/31)((1;’3\\)} 0).
(5)

They obey to the normalization and orthogonality
conditions

Qo () i (R1)) = 1w () [ (k1)) = o
<0|lhx(i1;;\\)lpjx(il;EH)\0> =Lt = 1/\57 (6)
(O (15 ) W (155 ) 0) = 0.

It is necessary to underline that the single 2D magne-
toexciton states introduced earlier [2, 3] in the form

Vex (il%E\\)> =, (il;E\\) 10) (7)

are dipole-active, with different from zero probabilities of the
quantum transitions from the ground state of the crystal. In
spite of it, their superposition states (5) are subjected to the
interference effects influencing essentially on their proba-
bilities of the quantum transitions from the ground state of
the crystal. It will be seen from the next calculations.

The Hamiltonian of the light-matter interaction describing
the band-to-band quantum transitions with participation of
the photons and 2D magnetoexcitons was derived earlier [2—
4]. For our purpose only of the following its part is necessary

I:Iabs

() = [@,_f (50-5.)+ (¢, ) (a7 - -]

The matrix elements describing the optical quantum tran-

sitions in the bare magnetoexciton states (il; E||> are

(i 2 (F) e (£1:)) ) = 425 3),

<i7 ﬁglb_srad@) l//ex<:tl;l_€H>> :A1?<41?_ 'ai1)7

<is Hglb—srad (E l//ex(:tl EH)> = % [(5;;_ 6i1) + (55 5i|)}7

(il (8) e (1:80)) = TR [ (57 70) = (5 -5
2

The matrix elements describing the optical quantum
transitions in the superpopsition magnetoexciton states

RS
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The scalar products between the circular polarization
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Substituting the expressions (11) into the matrix elements

(9) and (10) we will obtain

ﬂeilw
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They lead to the square moduli of the matrix elements

(12).



i g (F) [ (£150) )| = a8 2R,
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They will determine the probabilities of the eight quan-
tum transitions in the two final superposition states

Il
=
=

iy

‘w(j)[ (IEH)> under the absorption of the photon with four

different polarizations. To this end the Fermi golden rule can
be used. The total probabilities of the quantum transitions in
each superposition state for two circular polarizations and
for two linear polarizations obey the following sum rules:

‘<i+ ng;ad@\w; (EH)>‘2+ ‘<i‘
— (i@ @) + (i
= PR /P

i [ )| G )+ (1
- )<l H:}’_Smd(l?)]!ﬁa(’?u)>r+ ‘<i’

Looking at the Formulas (13) and (14) one can conclude

o B) |y R)))

2P B s )

’ 2

S0 () v ()

HEP )i () ) = 4¢P
(14)

‘ 2

that the superposition state ‘%Jr (le)> with the Dirac cone
dispersion law can be excited only by the incident propa-
gating light with different from zero perpendicular to the
plane component k, # 0 of its wave vector k= dsk, +I€”.
The probability of the quantum transition is maximal in
Faraday geometry k ||@s and vanishes in the Voigt geometry
l_c'| |l_c'H with light propagating along the plane of the layer. The
probabilities of the quantum transitions in the both circular

polarizations 6’% are equal. What concerns the light with

linear polarizations §; and ?,; the selection rules are
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completely different. Due to the quantum interference effects
[5-7] the probability of the quantum transition in the linear
polarization s is enhanced in account of the quantum tran-
sition in the linear polarization ?1? As a result the former
probability is doubled in comparison with the circular
polarization case, whereas the latter probability equals to
Zero.

The selection rules of the quantum transitions in the

superposition state ’1//5 <E|‘)> are much simple, because
they do not depend on the direction of the propagating light
wave vector k. It takes place because the state ’% (EH) > has
an ordinary dispersion law common to the single bare
magnetoexciton states ’npex (il;l?H)> and does not possess

the Dirac cone dispersion law at all.
The probabilities of the quantum transitions in the

superposition state ’x//a <£||>> in both circular polarizations

are equal as in the case of the superposition state ‘x//o+ (EH) >
The quantum interference effects [5—7] take place also in the
superposition state ‘% (EIO > Here the redistribution of the

quantum transition probabilities also takes place but in the
favor of the linear polarization ?,; in account of the proba-
bility of quantum transition in the linear polarization s;. As

in the case of superposition state ’ng (z“)> the probability

of the allowed quantum transition in the linear polarization is
doubled in comparison with the case of a given circular
polarization. Due to the interference effects the quantum

transition in the superposition state ‘lﬁa (£||)> in linear
polarization 5 happened to be forbidden, whereas the
quantum transition in the superposition state ‘t//o+ (§|‘>> is

forbidden in the linear polarization ?];.

3 Conclusions

The influence of the exchange electron-hole (e-h) Coulomb
interaction leads to the formation of two symmetric and
asymmetric superpositions consisting of two bare bright
magnetoexciton states with total angular momentum pro-
jections F = %1 and with electron structure determined only
by the direct Coulomb e-h interaction. The symmetric
superposition state acquires a Dirac cone dispersion law in

the range of small in-plane wave vectors |l_c'H |lo <1, where Iy
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is the magnetic length, with group velocity proportional to
the magnetic field strength. The quantum transition from the
ground state of the crystal in the symmetric state have equal
probabilities in both light circular polarizations, but essen-
tially depend on the direction of the light propagation as
regards the plane of the layer. They are maximal in the
Faraday geometry and vanish in the Voigt one. In difference
on it the asymmetric superposition state remains with the
same dispersion law inherited from the bare magnetoexciton
states, is characterized by the dipole-active quantum transi-
tions in both light circular polarizations, which do not
depend on the direction of the light propagation.

The both symmetric and asymmetric superposition states
revealed the quantum interference effects [5—7] in the case of
light with two linear polarizations. The polarizations have
different parities as regards the inversion of the light wave

vector k. The symmetric (asymmetric) state is allowed in the
case of linear polarization with positive (negative) parity and
forbidden in the case of linear polarization with negative
(positive) parity. The obtained optical results open the pos-
sibility to investigate the thermodynamic properties of the
2D Bose gas with Dirac cone dispersion law.
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Abstract

Using Quantum Design SQUID magnetometer and Phys-
ical Property Measuring System (PPMS), we studied the
magnetic and superconducting properties of high-quality
inclination crystallite interfaces (CIs) of bicrystals of Sb
and Bi. It was found that the CIs with a higher carrier
density than single crystalline samples exhibit a supercon-
ducting transition with respectively 7. < 10 K for Sb and
T. < 21 K for Bi interfaces; the Sb CIs also manifest
ferromagnetic hysteresis loops against a paramagnetic
background, thereby indicating occurrence of supercon-
ductivity and weak ferromagnetism.

Keywords
Antimony ¢ Bismuth ¢ Bicrystal interface *
Superconductivity and ferromagnetism

1 Results and Discussion

The high-quality inclination bicrystals of bismuth and anti-
mony were prepared by the horizontal zone recrystallization
method. The magnetic and superconducting properties were
studied in temperature range 1.6-300 K and magnetic fields
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up to 14 T using highly sensitive measurement systems, such
as Quantum Design SQUID magnetometer and Physical
Property Measuring System.

1.1 Bi Inclination Interfaces

Low temperature studies of Bi small disorientation angles
(SDA) nano-width CIs have revealed [1] some surprising
results: the observation in high magnetic field of new high
frequency SdH quantum oscillations, the detection of Hall
quasi-plateaus (~3, ~6, ~15 T) together with deep mag-
netoresistance minima, the discovery of superconductivity of
ClIs, etc.

Figure 1 shows the typical temperature dependences
(including zero-field cooled (ZFC) and field cooled
(FC) dependences) of the magnetic moment and the hys-
teresis loops of inclination bicrystals.

One or two superconducting transition associated with
CIs are observed, at that, the low temperature phase with
T. < 4.3 K assigned to the adjacent layers occur indepen-
dently or alongside with the second transition (8.4 K <
T. < 21 K) attributed to the central layer. The discovery of
superconductivity in nano-width CIs with unexpectedly high
transition temperature 7, < 21 K is an unusual event,
because bismuth bulk single crystals do not exhibit super-
conductivity above 30 mK.

The hysteresis loops of Bi bicrystals unfold against a
diamagnetic background and do not significantly change
their form with temperature. The ZFC and FC dependences
(see Fig. 1b, inset) denote a considerable Meissner signal, a
pronounced magnetic flux expulsion, and the supercon-
ducting transition starting off at 36 K. Thus, our results show
that the inclination bismuth SDA interfaces have fairly high
transition temperature 7, < 21 K, exhibit superconducting
hysteresis loops of an almost symmetric shape and occur
exclusively against diamagnetic background, typical for
strong type—Il superconductors. The superconductivity of
the Bi interfaces results from the reconstruction of the
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Fig. 1 Magnetic moment versus temperature 7 and magnetic field
B for Bi inclination bicrystals. a Temperature dependences m(7) in
bicrystals with two superconducting transition: (1) 6 = 4°, (2) 6 = 5°,
(3) 60 =4.5° the upper inset shows magnetic hysteresis loops in
bicrystals with 0 = 4° at 2.1 K (1) and 6 K (2); the lower inset exhibit

rhombohedral crystal structure A7 under deformations. In
this case, the Fermi surface (FS) consisting of Cls layers
remains the same as in the rombohedral bulk single crystals
instead changes substantially topology of both isoenergetic
surfaces of electrons (FS is less anisotropic and much larger
in volume than in bulk) and holes (modifications of the
shape, elongation and volume of FS) and the phonon spec-
tra, stimulating electron pair correlation.

1.2 Sb Inclination Interfaces

The Sb semimetal with strong spin-orbit interactions has the
topological characteristics [2, 3] with Z, invariant vy = 1, just
like the Bi;—,Sb, (0.07 < x < 0.2) alloys, which are 3D
topological insulators. The rhombohedral single crystalline Sb
does not exhibit superconductivity or ferromagnetism. The
topological situation entirely changes in the case of small
disorientation angle (SDA) nano—width crystallite interfaces
(CIs), which are more available in the experimental study than
other low-dimensional objects. By varying their inclination
angle 0 it is possible to change the charge carrier concentration
and the number of microstructural defects or the stress states,
which leads to the manifestation of new interesting features of
several physical phenomena. The ARPES measurements
[3, 4] reveal the occurrence of a Sb metallic topologically
protected surface state with a single Dirac cone. Antimony
undergoes topological nontrivial-to-trivial transitions under
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magnetic hysteresis loops at 2.1 K of bicrystals with 6 = 5° (1) and
0 =2° (2). b Temperature dependences m(T) in magnetic field of
bicrystal with 8 = 5°: (1) 0.005 T, (2) 0.01 T, (3) 0.02 T, (4) 0.04 T,
(5) 0.08 T; the inset show FC and ZFC curves in bicrystal with 6 = 4.5°

the action of several factors, which make it very attractive for
spintronic applications.

We revealed that the SDA Sb interfaces exhibits only one
superconducting transition with critical temperature 6.5 K
T. < 10 K, depending of inclination angle 0 of crystallites.
This is evident from the Fig. 2a—c which show the temper-
ature dependences of magnetic moment and the real 7’
(T) and imaginary y"(T) parts of AC susceptibility at mag-
netic field directed along the interface plane. From this data,
we found that the upper critical field B., (T) (see inset in
Fig. 2a) is linear in a wide range; this feature makes it
possible to use the well-known WHH formula [5]. As a
result, it was evaluated that for CIs with 6 = 5° and
T. ~ 6.5 K the dB.,/dT ~ 0.04 T/K, B, (0) ~ 0.18 T and
coherence length &£(0) ~ 43 nm. The AC susceptibility
dependences show also that, if the CIs temperature approa-
ches T, a single sharp drop occurs in y'(T) and of a peak in
x"(T) simultaneously appears; this fact provides still more
evidence of the presence of only one superconducting phase.

The %"(T) data in the absence of magnetic field clearly
indicate the energy dissipation in CIs region. On the other hand,
the applied magnetic field suppress superconductivity and
pushed the onset of superconducting transition to lower tem-
perature which is typical for strong type-II superconductors.

The field dependences of magnetization show the ferro-
magnetic hysteresis loops against a paramagnetic back-
ground (see lower inset in Fig. 2¢), indicating the
manifestation of weak ferromagnetism. It can also be
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Fig. 2 Magnetic moment and AC susceptibility versus temperature
and magnetic field for Sb inclination bicrystals. a Sb bicrystal with
0 =5° (1) 0.002 T, (2) 0.005 T, (3) 0.01 T, (4) 0.05 T; Inset: the
dependences of the upper critical field B, on temperature T. b Sb
bicrystal with 0 = 2°, f= 1000 Hz: (1) 0 T, (2) 0.01 T, (3) 0.02 T,

remarked, that in inclination bicrystals with slightly larger
disorientation angles at 7> 25 K, a diamagnetic maximum
of y'(T) at B > 0.4T appears (see the upper inset in
Fig. 1c), which is suppressed and shifted to higher temper-
atures as the applied field is increased. We believe that these
particularities can be attributed to the spin reorientations of
charge carriers in magnetic field of some ClIs layers [6, 7].

Thus, the Sb nano-width inclination interfaces show a
single superconducting transition with 7, < 10 K; at the
same time, they exhibit ferromagnetic hysteresis loops
against a paramagnetic background like as 3D TI Bi;_,Sby
0.07 < x <£0.2)Cis [1, 8].

100 150

T(K)
(4) 003 T, (5) 005 T, (6) 0.1 T, (7) 04 T, 8 1 T. ¢ Sb
bicrystal with 6 =2°, f= 1000 Hz: (1) 0.4 T, (2) 1.0 T; Upper
inset shows the temperature dependences of ¥'(T) maximum at
different applied fields, lower inset show the magnetic hysteresis
loops at 2 K

2 Conclusions

We have experimentally studied the magnetic and super-
conducting properties of high-quality inclination interfaces
of Bi and Sb. One or two superconducting transition asso-
ciated with CIs are observed in Bi SDA bicrystals, at that,
the low temperature phase with 7, < 4.3 K assigned to the
adjacent layers occur independently or alongside with the
second transition (8.4 K < T. < 21 K) attributed to the
central layer. Only one superconducting transitions are
reliably recorded in Sb SDA CIs with critical temperature
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6.5 K < T. < 10 K. At the same time, the SDA interfaces
of Sb show a ferromagnetic hysteresis loop against param-
agnetic background. This fact indicates the simultaneous
occurrence of superconductivity and weak ferromagnetism.
The coexistence of superconductivity and magnetism at
Sb SDA interfaces may represent a great interest for the
fundamental physics and for future applications in quantum
computing and spintronic devices.
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Abstract

Compared to symmetrically stacked layered structures,
e.g., sandwich-like, much less is known about acoustic
properties in a more general configuration lacking such a
symmetry. Structures composed of layers with different
characteristics (e.g., metal-insulator) are ubiquitous in
nanotechnologies harnessing finite size and quantum
effects. Explicit analytic expressions describing acoustic
waves in a representative two-layer system are derived
and analyzed in the full space of material parameters. An
unusual behavior of the spectrum is revealed in the
dispersive (long wavelength) region where size effects are
most prominent. Velocity of the lowest frequency branch,
which becomes the Rayleigh surface wave at shorter
wavelengths, is shown to depend in a strongly
non-monotonous way on the thickness of the layers in
contrast with the expected monotonous evolution of
higher frequency branches. The wave pattern of different
mode types is discussed in detail. Connection between
long (including resonances of the composite plate) and
short wavelength (bulk-like, surface and interface guided)
regions of the spectrum is established. It is shown that the
peculiar behavior of the low energy phonon spectrum
induces similar effects in the electron-phonon relaxation
and heat transport in composite nanomaterials at low
temperatures.
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Acoustic waves * Phonons in nanomaterials ¢
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1 Introduction

By populating the lowest energy region of the vibration
spectrum acoustic waves play a key role in both equilibrium
and non-equilibrium properties of nanomaterials, e.g.,
cooling of hot electrons in nanodetectors [1] or causing an
exceptional thermal conductivity in graphene [2]. Their long
coherence length and ability of coupling to other degrees of
freedom makes them a prospective candidate for transmis-
sion of quantum information [3]. As compared to bulk
materials behavior of mechanical vibrations at the nanoscale
is strongly modified due to confinement and sensitivity to
boundary conditions, producing a large variety of spectral
branches and wave patterns dependent on geometry, com-
position and external fields [4]. A great deal of knowledge
has been accumulated on the basis of linear elasticity theory
for the structures with a symmetric composition, e.g., in
layer stacking or periodic superlattices [5]. At the same time,
although an asymmetric layout presents a considerable
technological interest, its studies are hindered by a higher
degree of complexity. The approach outlined in the present
work introduces certain simplification which allows to
obtain explicit analytic expressions describing acoustic
waves in the long wavelength region of the spectrum and to
reveal some new features in their behavior.

2 Surface Adapted Basis Set

The displacement field vector satisfies the equations of
elastodynamics [4-6].

azUi(ra t) _
o

9y (r1)

o (1)

Here p is mass density and 2 the stress tensor (i = x, y,
z) which is related to the displacement by known constituent
equations. The wave propagates along the x direction of the
bilayered plate. The z axis is aligned along the thickness
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(d = d, + dp) of the plate with z = 0 fixed at the interface
between a and b materials, so that outer surfaces correspond
to z = d, and z = —d,,. Solutions of (1) can be expanded into
eigenmode series

Ui(r,1) = Z/ui_y(q,z) exp(igx — iwnt);i—z, (2)

where n labels the branches of the spectrum and y = a, b is
used to label the layers. We further consider the mixed lon-
gitudinal and transverse waves (P + SV polarization) with
the aim of finding a relation to Lamb’s single layer solutions
and their symmetry classification. Then from (1) and (2) one
obtains the known equations for the amplitudes u; ,(g, z) and
0;,(q, z) of the multilayered system [6]. In a standard
approach these are solved for the boundary conditions
(BC) by representing the amplitudes as a superposition of
incoming and outgoing plane waves; that results in a system
of eight equations for the coefficients. Instead, it is proposed
to choose the basis in such a form as to satisfy the BC on the
outer surfaces in an identical way, i.e., even when the solu-
tions are known with an approximation. The BC require zero
tension on the outer surfaces and continuity on the interface:

axz(zz)( = _db) =0,
O), sz.,"/(z = O) = sz,?(z = O)'

Oxz(zz) (Z =d, )
Uey(2=0) = ugz(z =

(3)

To achieve our construction the amplitudes are expressed
in terms of hyperbolic functions with the arguments con-
taining the equations defining the outer surfaces. After sub-

stitution into Egs. (1)-(3) one obtains the following
expressions
. 1+02)
uxy(¢,2) = X,(q) | sinh((z — d,)qv;) — msmh((z —dy)qo,)

(@) (cosh«z —d)an) — o eoh((a d;v)qw~,)> .
) = 1) cosh(c ) eosh( ~ o)
+X,(q) <sinh((z —dy)quy) — %sinh((z - d;')‘i‘”ﬁ) :
=4/1- c// =./1-(c/sy)
(4)
Here

and ¢ = w,/q. Respective bulk wave velocities

b=\ +21,)/pyosy =\ 1,/ Py

are given in terms of the Lame constants for materials a and
b. One can see that Egs. (4) ensure an automatic fulfillment
of the first row of BC in (3). So, we are left with the four
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unknown parameters {X,, Y,} which are to be determined
from the BC in the second row of (3).

3 Properties of the Solutions

As a consequence, a simple relation between X and Y and
the surface amplitudes is obtained

4 y, 1 —v?

Mx,“,‘(qu_ ",')__ ( )1+027
) 1 - v.},
mz,v(%z = dy) = XV(Q) 0.

We therefore may use the continuity at the parametric
point “a = b” to identify the two classes of solutions,
dilatational (D) and flexural (F), as the correspondents of
symmetric (S) and antisymmetric (A) Lamb waves in the
single layer limit. Indeed, one can verify that our equations
remain invariant under the transformations a < b, z — —z,
provided

D:X,(q) =
F:X,(q)

—X(q),Y,(q) = Y,(q)
= X*}’(q)7 Yy’(q) =
In the long wavelength region gd < I for the gapless

modes we use Taylor expansion. Taking into account the
above transformation properties we find

dapt,(1 = Jg) +dp, (1 — Jp)
dppp +dap,

= (b —22)/Ve} + o(g?),

D:cp=2

9 Y‘/(q)

where J, = 52/€2, X, = —X,(a=Db).

F:cp

2
., \/4u[,ubdadb(1 )= I P + (121 — ) — (1)
3(dapty (1 = Ja) +dppy (1 = Jb)) (0yda + ppp) '

(6)

— up(1 = Jp)))

Yo = qXa(d (1 = Jp) +dg (1 (1 = Ja)
[2(dapta(1 = Ja) +dpp, (1 = Jp)),
X, = 2s$/\/c-ic%, Y, =Y, (a=b).

where expression for cp was known earlier. To get an insight
into the physical behavior contained in (6) and to circumvent
the complexity of parametric space we introduce the scaled
quantities:

1—-J d
Y R 5:—b,p P
Ha 1_‘] da Pa
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With these our result can be represented as a ratio to the
known Lamb solution for a single layer “reference” material
(a) of the same thickness d:

(CD)Z_ 1+ uo
cs,)  1+pd’

(CF)Z_ (1 — pud*)* +4ud(1 +9)

Co (148)*(1+ ud)(1+pd) ®)

It can be seen that the standard, non-dispersive, behavior
of acoustic waves as described by (7) is associated with a
monotonous change with material parameters. For instance,
when thickness of the added layer increases, the sound
velocity either increases or decreases relative to single layer.
The dispersive flexural mode (8), in contrast, behaves in a
rather non-trivial manner, Fig. 1.

Figure 2 shows the cross section of the surface in Fig. 1
for the specified values of material parameters. Remarkably,
the strongest non-monotonicity occurs at the incipient stage
(coating) of increasing the thickness of the added layer.

Aside from the gapless solutions in (6), the rest of the
spectrum at q = O consists of gapped modes with diverging
phase velocity which correspond to the finite frequencies of
plate resonances. The eigenfrequency equations known from
earlier works are also reproduced by the present approach:

0.la sin(wd, /L,) cos(wdy/ly) + ppls sin(wdy /) cos(wd, /L,) = O,
PuSa sin(wd, [s4) cos(wdy/sp) + pysy sin(wdy,/sp) cos(wd,/s.) = O.
9)

Because the two polarizations (P + SV) decouple at

q = 0, the solutions are split in two categories of plate res-
onances: thickness-stretch and thickness-shear, respectively.

Cr/Cao

Fig. 1 Velocity of the lowest frequency wave scaled with Lamb A,
mode in a single layer for gd < 1, Egs. (6) and (8), p =5

Cr/ Cyp
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Fig. 2 Evolution of the lowest frequency branch with the ratio of the
layer thicknesses for a choice of elasticity parameters with p = 6 and
p=5

The non-vanishing components of the amplitudes
obtained in the framework of our surface adapted basis are
given below.

Thickness-shear:

uy,(z) = G(s) cos(w,d_, /s_,) cos(w,(z — d,) /s,)
Thickness-stretch:

uz,(z) = G(€) cos(w,d_, /0_,) cos(w,(z — d,) /¢,)  (10)

Here G are normalization constants. It can be seen that
absolute values of the amplitudes reach maxima at the sur-
faces of the composite plate. Figures 3 and 4 exemplify this
property for two lower frequency resonance modes for
unspecified couple of materials.

Another feature that can be inferred from these figures is
that the amplitudes look like distorted versions of the per-
fectly symmetric A and S Lamb modes: A — Fand S — D.
This resemblance turns out to persist throughout the whole
spectrum and amounts to a topological equivalence. Namely,
the signs of the amplitudes on the outer surfaces for a chosen
mode branch remain unchanged upon inclusion of the sec-
ond layer, while the shape of the amplitude is deformed and
the symmetry of the Lamb wave is lost. Thus, for the flexural
waves we find

sign(uy(gd < 1,z =4d,) X u(qgd < 1,z = —dp)) = —1,
sign(u(qgd < 1,z =d,) x u;(gd < 1,z=—dp)) = + 1.
and for the dilatational waves, respectively

SIgn(ux(qd < I,Z = da) X l/lx(qd < 172 = _db)) = _15
sign(uy(qgd < 1,z=d,) x u;(gd < 1,z=—dp)) = + 1.
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Fig. 3 Amplitude of the thickness-shear lowest resonance mode
which, according to (5), is of flexural type (F). Different lines
correspond to different layers

Fig. 4 Amplitude of the thickness-shear resonance mode which,
according to (5), is of dilatational type (D)

This conclusion is confirmed by the analysis of solutions
for the Egs. (9, 10) and by observation that F and D modes
follow in an alternating order with the increase of w,, within

S. Cojocaru

each category of solutions (shear, stretch). Whether the
above sign pattern remains valid for the full range of
wavenumbers requires further investigation, while it is
confirmed by the examples considered in our numerical
analysis.

The latter has been carried out to explore the continuity of
the solution branches between the two limits: gd < 1 and
gd > 1. It is known that at short wavelengths the multiple
branches of spectrum should coalesce into the bulk modes
(longitudinal and shear) corresponding to the two materials
of the composite plate, to the Rayleigh surface acoustic
waves and to the interface guided Stoneley wave. Thus, it
has been shown that this limit is also reproduced by our
equations. All the branches of the spectrum are ordered
according to the value of their velocities at a given
wavenumber. For instance, the lowest one is the Rayleigh
mode “localized” near the outer surface of the softest of the
two materials. If the material parameters satisfy the condition
for the existence of the Stoneley wave, then it is this inter-
face guided mode which follows the Rayleigh mode.
Otherwise, this position is taken by the shear bulk wave, etc.
The mixed P + SV polarization is preserved only by the
surface and interface guided modes. A laborious numerical
analysis (to be presented elsewhere) shows by branch con-
tinuity that the ordering of the eigenmodes in the gd > 1
limit can be traced to analogous ordering at long wave-
lengths. In particular, the Rayleigh mode originates in the
fundamental flexural mode F, while the Stoneley wave has
its origin the fundamental dilatational mode D,. At inter-
mediate wavenumbers some of the branches demonstrate the
phenomenon of avoided crossing. In the respective regions
two incoming branches take a sharp turn exchanging not
only the directions on the outcome, but also the apparent
shape of the wave, the phenomenon first described by
Sezawa (see, e.g., [7]). However, we find that despite of this
exchange, the sign pattern discussed above remains
unchanged, corroborating our finding of this new invariant
characteristics of acoustic waves in composite layered
structures.

4 Conclusions

The proposed approach gives a fresh and physically
appealing perspective on describing wave propagation in
layered media. It has allowed to establish a connection
between the symmetric and antisymmetric Lamb waves and
those of the structures lacking such symmetry. We have
demonstrated the existence of a generic feature of the wave
pattern at long wavelengths related to the sign of the
vibration amplitudes on the outer surfaces. It reveals a
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topological equivalence with the waves in a single layer
allowing to classify the whole spectrum in terms of dilata-
tional and flexural modes. The complete solution in the full
parametric space has uncovered an unusual, strongly
non-monotonous, variation of the flexural wave velocity
with thickness of the layered structure. This effect has
implications for the low energy physics of nanomaterials and
can be useful for engineering of their properties. In partic-
ular, quantization of the acoustic waves and interaction of
the acoustic phonons with electrons would affect the heat
transport and electron-phonon interaction in layered nano-
materials, e.g., [8, 9].
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A. Mihalache

Abstract

We report on the results of the studies of the features of
radiative recombination of iron-doped gallium antimonide
at T = 2 K, in the absence of an external magnetic field.
Specimens were prepared by a modified method of zone
melting. The concentration of iron incorporated in the
melt varied in the range of 0.001-3 (atomic percent). The
studied specimens exhibited p-type conductivity. It was
demonstrated that in gallium antimonide iron created a
shallow acceptor level with the ionization energy of
(22 £ 0.2) meV. In addition, the structure of the radiative
recombination spectra was determined and the concen-
tration of radiative centers was found out.

Keywords
GaSb ¢ Photoluminescence

1 Introduction

Investigations of the behavior of the transition group ele-
ments (iron, manganese, nickel, chromium, etc.), used as
doping agents in various semiconductor matrices, are quite
topical as regards suggesting new theoretical models of
structures of unusual doping centers and creating various
microelectronic structures [1]. Impurities of transition metals
of the iron family are known to be acceptors in the group
AIIIBV compounds. At the same time, the imprutiries levels
thus built can be either deep as in the case of GaAs [2], In P
[3], GaP [4] or shallow as in the case of InSb, GaSb [5, 6].
The effects of impurities of transition metals on the prop-
erties of doped compounds are also different. Ambiguous
behavior of these impurities makes it necessary to carry out a
separate study of their roles in each particular material. That
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peculiar behavior has triggered intensive investigations
aimed at fabricating new diluted magnetic semiconductors
with spontaneous ferromagnetic ordering, that are very
promising in contemporary spin microelectronics [7].

Some of the transition metal impurities in GaSb are
insufficiently explored, for instance, manganese [8]. As to
the radiative recombination of Fe-dopped GaSb, to the best
of the authors’ knowledge, there is only one work [9] that
deals with a narrow concentration range. The present paper
offers the results of the investigations of the structure of
spectra of radiative recombination of Fe-doped GaSb in a
wide range of Fe concentrations—up to 3% (atomic per-
cent). The spectra of radiative recombination were registered
at T = 2 K, in the absence of an external field.

2 Experimental Results and Their
Discussions

Specimens of GaSb doped by iron in various concentrations
were prepared by a modified method of zone melting in the
atmosphere of pure argon. The technology applied combined
two processes: zone cleaning in the presence of an external
electric field and growing of a single crystal. The velocity of
a unidirectional zone was ~ 0.1 mm/h, the length of an ingot
was ~ 18-22 cm and its diameter 6-8 mm. The concentra-
tion of the incorporated Fe varied in the range of 0.001-3
(atomic percent). For galvanomagnetic measurements,
specimens of a standard shape were cut from different
regions of an ingot. Galvanomagnetic measurements confirm
relatively even distribution of impurities along the ingot
length. All specimens analyzed by the authors of the present
paper exhibited p-type conductivity. Studies of the temper-
ature dependence of the specific resistance and of the Hall
coefficient support the fact that Fe incorporated into the
GaSb matrix is electrically active and causes the increase of
the concentration of holes in specimens, which, depending
on the percentage of Fe incorporation, varies in the range of
2.1017-8.1019 cm .
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Fig. 1 Radiative spectra of Fe-doped GaSb at T=2 K, B=0. 1.
GaSbFe, 0.000%(Fe), Ny — Np = 1.6 x 10" ecm~32. GaSb(Fe), 1.00
2 %Fe, Ny — Np = 1.8 x 10"8¢cm~33. GaSb(Fe), 3.00 %Fe, N, —
Np =23 x10¥%cm™3

0.81

The analysis of the scattering of charge carries according to
Fe concentration [10] showed that the incorporation of Fe in the
concentrations above those of the natural acceptors of GaSb
(~1017 cm ™) results in its uneven distribution in the speci-
mens, in settling-out of iron as clusters (certain inclusions of the
second phase) with geometrical nano-dimensions. The con-
clusion on the formation of clusters was complementary sup-
ported by the x-ray diffraction analysis. In order to specify the
chemical structure of the incorporation of Fe in the main GaSb
matrix additional investigations are necessary since so far there
is no common point of view regarding that structure.

The excitation of luminescence of the specimens of
Fe-doped GaSb was effected by circularly polarized light
with the generation at the wavelengths of 1.52 um
(0.814 eV) or 1.15 pum (1.078 eV). In all of the experiments,
the excitation density was not over 10 W cm 2. At those
excitation levels and lifetimes of non-equilibrium electrons,
the concentrations of the non-equilibrium carriers always
were of the several orders of magnitude less that the intrinsic
carrier concentrations in the specimens under study. Circu-
larly polarized light is known to excite, in the conductance
zone, mostly electrons with unidirectional spin. If the elec-
tron recombination velocity is spin-independent, then, most
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probably, in the recombination zone there will be the storage
of spin-oriented carriers. It can occur even at such excitation
intensities when the concentration of excess minority carries
(electrons in the case of p-GaSb) is still low in comparison
with their equilibrium, which results in the polarization of
radiative recombination. The registered luminescence spec-
tra of GaSb doped with Fe in various concentrations are
polarized. The degree of polarization of luminescence of
GaSb at T = 2 K depends on Fe concentration. Polarization
of photoluminescence in a transverse magnetic field allowed
to measure the non-equilibrium carriers lifetimes. Under
continuous excitation the Hanle effect can be used to mea-
sure very short lifetimes, i.e. those of ~10-12-10-11 s [11].

In the present paper, the role of the acceptor iron impurity
in the process of recombination of carriers has been studied,
with the radiative recombination spectra near the edge of the
forbidden band.

Photoluminescence spectra of the analyzed specimens are
plotted in Fig. 1. The spectra have been registered at
T =2 K in the absence of an external magnetic field.

The depicted experimental results demonstrate that
radiative recombination spectra at the given temperature
have a complex structure and are subject to gradual modi-
fications with increasing Fe concentration in the initial
matrix. For comparison, Fig. 1 also shows the radiative
recombination spectrum of the undoped GaSb measured at
the same temperature, in the absence of a magnetic field. The
procedure of identification of the structure of the spectrum of
the undoped GaSb is described in [12]. Below we present an
analysis of the radiative recombination spectrum of the
undoped GaSb registered at T = 2 K, in the absence of a
magnetic field. In Fig. 1, spectrum 1 was registered for a
specimen of p-GaSb with NA-NB =2:1016 cm > (Eg
(2 K) = 0.813 eV). The test results indicate that the radiative
recombination spectrum of the undoped specimen has a
number of clearly pronounced energy structures. Figure 1
shows as well a simple energy band denoted by the authors
as A, with the energy max (hwA)max = 77 4+ 0.2 meV and
a complex band integrally denoted as B. Four to five features
stand against the background of an energy band with the
complex structure. Additional tests confirm that the energy
band A registers donor-acceptor recombination’s. Taking
into account the literature data stating that the energy of the
activation of donor levels in GaSb is 2-3 meV, the energy of
the activation of acceptor levels was established by the
authors of the present paper as being Ei = 34 & 0.2 meV.
This result is in conformity with our findings on the same
specimen in terms of the Hall constant and electrical con-
ductivity. Our concept of the nature of this radiative band is
in accord with the literature interpretations [13]. As to the
complex band B, we consider it being due to the disinte-
gration of several exciton states, For the components of that
complex band designations were borrowed from [13]. The
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Alentsev-Fock method [14] was used to resolve the exciton
band into components BE;, BE,, BE3;, BE,. The energy
maxima of exciton bands are given below:

(ho1) = (805,24+0,2) meV  (BE;)
(hn), = (802,40,2) meV  (BE,)
(hws),,= (801,1+£0,2) meV (BEs)
(hea)o = (796,3 £0,2) meV  (BE,)

Excitons are bound to acceptor states. The complex
structure of annihilation is in favor of the idea of a strongly
defective gallium antimonide.

Spectrum 1 for the undoped specimen also reveals several
features from the low-energy end of the radiative band A,
denoted as C and D. In our opinion, those radiative bands are
nothing else but phonon replica of exciton BE,.

Spectrum 2 in Fig. 1 depicts radiative recombination of
Fe-doped GaSb at T = 2 K, in the absence of an external
magnetic field. The concentration of the incorporated Fe is
minimal—1.00% atomic percent. Spectrum 2 as well as
Spectrum 1 of the radiative recombination of Fe-doped GaSb
has a complex structure. The analysis of the former spectrum
allowed to conclude the following. In the main, the general
structure of spectrum 2 is analogous to the structure of the
radiative spectrum of the undoped specimen: the energy state
of band A is preserved, the radiation intensity does not change.
However, there is the two-fold attenuation of the intensity of
radiation of the block of bands identified as bound excitons,
and a negligible shift in the high energy region of the exciton
maxima BE,, BE,, u BE;. Between the exciton block B and
the radiation band A (with the participation of intrinsic
acceptors) there appears a new radiation band denoted by the
authors of the present paper as AFE. The energy maximum of
this new band is (fiwa,, ).« = (788 £0,2) meV. The com-
parison of bands A and AFe demonstrates that although they
have different intensity, their half-width is about the same and
their dependence on the excitation intensity is really the same.
These findings lead to the conclusion that those two radiative
bands are of the same physical nature. The energy shift of the
maximal of band AFe against the maximum of band A in the
high energy region of 11 £ 0.2 meV determines the differ-
ence in the energy of ionization of the incorporated acceptor
levels and the intrinsic acceptor level, the value of the latter
was established by the authors of the present paper as €i =

35 £ 0.2 meV. From those values of ionization energy
conditioned by Fe in acceptor levels we get ¢ (Fe)=
(22 +£0,2) meV. It means that the radiative band under dis-
cussion here is due to the donor-acceptor recombination. In
Fig. 1 spectra 1,2, and 3 correspond to GaSb doped with Fe in
different concentrations. Concentrations of Fe are: for spec-
trum 1 (0.000%, Ny — Np = 1.6 x 10'7 cm™), for spectrum
2 (1.00%, Ny — Np =186 x 10'7 cm™), for spectrum 3
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(3.00%, Ny — Np = 2.3 x 10'7 cm™). The analysis of the
obtained results reveals that the higher the concentration of Fe
incorporated in the melt, the higher the intensity of the
radiative band AFe, the growth being almost proportional to
Fe content in an active state. In addition, the structure of the
exciton module is being modified, the intensity of bands BE;,
BE,, BE; is getting lower. At the concentration of the incor-
porated Fe of 1%, all exciton bands are bound, and in the
structure of the radiative spectrum, the dominant band is AFe,
with a small shift in the high energy region, which is most
probably related to the increase of NA-ND because of doping.

The lifetimes of non-equilibrium electrons in the speci-
mens analyzed were established by the polarization proper-
ties of band AFe, through registration of the Hanle effects.
Optical orientation of carriers, depolarization of lumines-
cence in a transverse magnetic field. The determined life-
times of minority carriers in GaSb doped with Fe in different
concentrations are given in Table 1. These findings evidence
that the higher the content of Fe in the main matrix, and the
higher the concentration of acceptor states, the shorter are
the lifetimes of minority carriers. The observed shortening of
the lifetimes of non-equilibrium electrons is nearly inversely
proportional to the increase of the concentration of holes,
hence being caused by the increase of the concentration of
Fe in the electrically active state. From the experiment one
we obtained the lifetimes of non-equilibrium electrons and,

using the formula N, = (z-B)~!, we established the con-
centration of the recombined centers. In calculations of the
coefficients of radiative recombination’s, the authors used
the value B = 8 x 107'° cm® s™', typical for hydrogen-like
shallow centres [8]. The calculated values for the concen-
tration of radiative centers Nt are presented in Table 1. As is
evident in the Table, the concentration of radiative centers
grows with the raise of concentration of Fe in the melt.
Column 2 of the Table shows tha data for NA-NB obtained
from electrical measurements of the same specimens. There
is a satisfactory agreement of the data on concentrations
obtained by measurements at optical orientations and by
those at electrical ones. Therefore, the effect of Fe in GaSb
on the velocity of radiative recombination of carriers con-
sists in the raise of concentration of shallow acceptor levels,
and in accordance with [9], but unlike other compounds of
group A™BY, does not lead to the creation of channels of a
rapid nonradioactive recombination. Similar conclusions
were drawn in [6] for GaSb doped with Mn, the difference
being the following: when doping with Mn, at the increases
of the concentration NA-ND (because of the higher Mn
content in GaSb«Mn»), the concentration changes about 24
times, whereas the lifetime reduces eightfold. In GaSb<Fe»,
the concentration changes about 130 times, whereas the
lifetime reduces by 58 times. The findings under discussion
refer only to the study of the energy structure of the
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Table 1 Determined lifetimes of
minority carriers in GaSb doped

Fe content in % atm

NA — ND Cm_3

with Fe in different concentrations 0 14 x 10V
0 1.6 x 10"
0.001 1.7 x 10"
0.005 1.9 x 10"
0.01 2.8 x 10"
0.1 1.1 x 10'®
1.0 1.8 x 10'®
2.0 2.1 x 10'®
3.0 2.5 x 10'®
3.0 23 x 10"
3.0 1.8 x 10"

incorporated impurity centers and their influence on the

recombination of minority carriers. Thus attention was not

attracted to the interaction of carriers and magnetic moments
that were shown for the impurities of transition metals;
besides, the effect of the clusters formed on the energy
structure of the main matrix was not discussed either. Still,
the issues not covered in the present paper are of interest and
do deserve attention in further studies.

3 Conclusions

The results of the studies by the authors of the present paper
could be specified as below:

1. An investigation was made on the effect of the incorpo-
ration of Fe on the structure of the spectra of radiative
recombination of minority carries in GaSb.

2. The effect of the incorporation of Fe in GaSb on the
recombination velocity of minority carries was shown to
be an increase of concentration of shallow acceptor levels
that, unlike other group AIIIBV compounds, does not
result in the appearance of channels of rapid nonra-
dioactive recombination.

3. The structure of the spectra of radiative recombination of
the doped GaSb allowed the authors to establish the
energy of the activation of the acceptor levels related to
Fe as (22 £ 0.2) meV.

The higher the concentration of Fe incorporated in the main
matrix, the shorter the lifetime of minority carriers, and the
higher the intensity of the donor-acceptor radiative recombi-
nation with the participation of an acceptor level with F.

Conflict of Interest The authors declare that they have no conflict of
interest.

A. Mihalache

TS No=(t- B)il em” NA[XYND NA]X,ND
6.3 x 107° 1.9 x 10" 1.35 135
58 x 107° 2.15 x 10" 1.34 134
59 x 107 2.11 x 10" 1.24 124
6.0 x 107° 2.08 x 10" 1.09 109
57 % 107° 2.19 x 10" 0.78 78
82 x 107 152 x 10" 1.38 138
41 x 107" 3.04 x 10" 1.68 168
3.8 x 1071 3.9 x 10" 1.85 185
2.8 x 10710 3.1 x 10" 1.48 148
1.6 x 10710 7.8 x 10" 0.34 34
1.1 x 107" 1.14 x 10" 0.63 63
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Abstract

The majority of known Fe"" spin crossover (SCO) com-
plexes are based on a homogeneous octahedral nitrogen
coordination of the metal ion. Currently a new type of
compounds with mixed nitrogen-sulfur ligand surround-
ings of the iron(Il) ions demonstrating spin transitions has
attracted much attention. Despite the comprehensive
experimental characterization the origin of SCO phenom-
ena in these complexes has not been elucidated. In the
present paper on the basis of DFT calculations we
describe the course of the spin transformation in the
v-polymorph of the [Fe(bpte)(NCSe),] compound con-
taining in the unit cell two different types of iron(Il) ions
which differ in the geometry of the {N4S,} ligand
surroundings. To prove the adequacy of the suggested
approach in the present paper the well known picture of
SCO in the thoroughly characterized classic [Fe(ptz)s]
(BF4), compound is also reproduced.

Keywords

Spin crossover ¢ Iron(Il) ion ¢ Mixed nitrogen-sulfur
surrounding ¢ DFT calculations * Single point
energy

1 Introduction

More than eighty years ago for iron(IIl) complexes the SCO
phenomenon was discovered by Cambi and Szego [1, 2].
The phenomenon consists in the change of the ground state
of the iron ion under action of the external stimuli such as
temperature, pressure and light. Later on, the iron(Il) SCO
complexes have been reported [3]. In the majority of known
SCO complexes the ligand surrounding of the metal ion

S. I. Klokishner (X)) - O. S. Reu
Institute of Applied Physics, Academy Str. 5, Chisindu, Moldova
e-mail: klokishner@yahoo.com

© Springer Nature Switzerland AG 2020

consists of six nitrogen atoms. The mixed nitrogen-oxygen
{N4O,} ligand surroundings of the SCO iron(III) ions is also
known [4]. Recently a new trend in the field of SCO has
been suggested and this is the study of spin transitions in
compounds containing as a structural element Fe" ions
residing in the mixed {N4S,} environment [5, 6] which
creates a weaker crystal field than that arising from the {Ng}
coordination. Gradual increase of the temperature of the
SCO transformation in iron(II) complexes [Fe(bpte)(NCE),]
with the increase of the strength of the ancillary ligands
E = NCS, NCSe™ and NCBH;™ has been reported in [5].
Despite the vast experimental studies on the SCO transfor-
mation in iron(Il) complexes with mixed {N4S,} ligand
surroundings, the theoretical description of this problem has
not been performed. The origin of the SCO phenomena in
these complexes containing 4 nitrogen atoms creating a field
of intermediate strength and 2 sulfur atoms giving a weaker
field remains unclear. The goal of the present study is to
understand the origin of SCO in iron(Il) complexes with
mixed {N4S,} ligand surroundings [5, 6]. In the present
paper we demonstrate that an adequate description of the
SCO phenomena in iron(Il) ions with typical nitrogen {N¢}
and mixed nitrogen-sulfur {N4S,} ligand surroundings of
the iron(II) can be provided on the basis of single point DFT
calculations.

2 Computational Details

We examine the y-polymorph of the [Fe(bpte)(NCSe),]
compound [5, 6] and the classical [Fe(ptz)s](BF4), com-
pound [7]. The consideration of the latter compound is
performed with the aim to prove that the suggested below
approach correctly describes the earlier established picture of
spin transformation that occurs in it. In the performed DFT
calculations the iron(Il) states with the spin values s = 0, 1, 2
are accounted for. For both compounds the calculations of
the single point energies for the Fe'states with the above
indicated spin values have been performed within the frames
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of the density functional theory (DFT) using the program
package ORCA 4.0.1.2 [8]. We settled on the calculation of
the single point energies since they are associated to a
multi-electron system under the potential created by a given
arrangement of atoms and should reflect correctly the spin
transformation which is accompanied by the change of the
bond lengths with rising temperature. In the work the
B3LYP functional [9] together with Grimme’s dispersion
correction [10] have been employed. The def2-TZVP basis
together with the auxiliary SARC/J and def2-TZVP/C basis
sets [11] have been used. To control the target precision of
the energies and the wave functions for the compounds
under examination the ORCA keyword “VeryTightSCF”
was used, as a result the ground state energies were con-
verged to 1077 hartree.

In the calculations for the [Fe(ptz)s](BF,), compound the
geometrical structure of the unit composed of the Fe'" ion and
106 surrounding atoms was taken from the experimental data
published in [12—15]. For the y-2 polymorph of the [Fe(bpte)
(NCSe),] compound [5, 6] we take into consideration that the
unit cell contains 8 Fe' ions of 2 types with the equal number
of ions of each type which are referred further on as Fel and
Fe2. The latter differ in the geometrical structure of the ligand
surrounding consisting of 40 atoms and are expected to give a
distinguished picture of the spin transformation.

Further on we demonstrate that the single point energies
for iron(Il) states with different spin values calculated with
the aid of the variable temperature experimental structural
data [5, 12-15] allow to reproduce the course of the spin
transformation and to construct a transparent picture of this
transformation in the above mentioned compounds.

3 Results and Discussion

First in the range of temperatures 10-295 K the single point
energies &(s) of the thoroughly characterized [Fe(ptz)e]
(BF,4), complex [7] are evaluated for spin values s = 0, 1 and
2 of the iron(Il) ion in the Ng surrounding. The obtained
results presented in Fig. 1 show that at temperatures
T = 10 K and 84 K the ground is the state of the complex
corresponding to the spin s = 0 (low-spin(ls)-state) of the
iron(Il) ion, it is followed by the states with spin values
s =1 and 2 (high-spin(hs)-state) of this ion. At that the
difference between the single point energies complying with
the spin values s =0 and s =1, 2 remains practically
unchanged at these temperatures. The minimal single point
energy of the complex at 140 K corresponds to the spin
value s = 2 of the Fe" ion testifying the occurrence of SCO.
The obtained result is in agreement with the experimental
data on the magnetic susceptibility and Mdssbauer spectra of
the [Fe(ptz)s](BF,), compound [15] which show, respec-
tively, an almost complete spin transition at 140 K. The
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calculations also confirm that at temperatures higher than
140 K the iron(Il) ion is in the state with s = 2. At the same
time the single point energy of the complex corresponding to
the spin value s = 1 changes insignificantly from 9978 to
10,000 cm ™" in the temperature range 10-84 K, and it is in
between the energies corresponding to spin values s = 0 and
s = 2 of the iron(I) ion. Then this energy decreases up to
5067 cm ' at 140 K and falls into the diapason 5711-
5930 cm ™' in the temperature range 195-295 K, remaining
in the whole temperature range higher than the single point
energy of the complex with the Fe' ion in the s = 0 state.
From the calculations it follows that the spin transformation
in the [Fe(ptz)¢](BF,), complex occurs with the participation
of states with s =0, 2 confirming thus the commonly
accepted picture of spin conversion in the [Fe(ptz)g](BF,4),
compound.

Since the performed calculations allow to reproduce
correct the spin transformation in the [Fe(ptz)g](BF4)»
compound further the y-polymorph of the [Fe(bpte)(NCSe),]
compound [5, 6] is examined in the same way. In Fig. 2 the
single point energies for the Fel and Fe2 ions corresponding
to s =0, 1, 2 are presented in the ascending order for dif-
ferent temperatures. From Fig. 2 it is seen that both types of
iron(II) ions in the y-polymorph undergo SCO. Up to 180 K
inclusive (Fig. 2a) the ground state of the Fel-ion is dia-
magnetic. At the same time with temperature rise from 100
to 150 K the single point energies complying with spin
values s = 1 and 2 of the Fel-ion become lower, herewith
the energies with s = 0, 1 and 2 are in the ascending order.
At 180 K this order changes, and the single point energy of
the Fel complex corresponding to the spin value s = 2 of the
Fe' ion is in between the energies complying with s = 0 and
1. Finally, at 200 K the hs-state becomes the ground one
thus testifying the occurrence of spin crossover in the Fel
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- 10000 - — —
£ |
© 8000 -
> |
2
o 6000 - — o —
c
w0 | -
4000 - _— -
2000 - T
0 . — — [ — [ | |
. 10K 84K 140K 195K 250K 295K

Fig. 1 Temperature dependence of the single point energies corre-
sponding to spin values s = 0, 1, 2 of the iron(II) ion in the [Fe(ptz)e]
(BF,4), compound
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ion. Thus the DFT calculations show that the Fel ion
changes its ground spin state in between 180 and 200 K. The
Is-hs transition in the Fe2 ion occurs in a similar way but at a
higher temperature as compared with that for the Fel ion
(Fig. 2b). This temperature is in between 200 and 250 K.
A more precise determination of the spin transition tem-
perature for both ions will be possible if the structural data as
a function of temperature are given with a smaller temper-
ature step, especially for the Fe2 species. In spite of this the
results presented in Fig. 2 together with the observed ther-
mal variation of the hs-fraction [6] allow to restore the
qualitative picture of spin transformation in the y-polymorph
of compound [Fe(bpte)(NCSe),] [6]. Up to 190 K the
observed increase of the hs-fraction occurs on the account of
the Fel ions for which the calculated difference between the
single point energies of the complex corresponding to spin
values s = 0 and 2 noticeably diminishes with rising tem-
perature from 100 to 180 K as compared with that for the
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Fig. 2 Temperature dependence of the single point energies corre-
sponding to spin values S = 0, 1 and 2 of the two iron(Il) species in the
vy polymorph of the [Fe(bpte)(NCSe),] compound: a Fel—species,
b Fe2—species
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Fe2 ion (Fig. 2b) and in between 180 and 200 K the hs-state
is proved by the calculations to become the lowest one. In
favor of this explanation is also the observed value 0.5 of the
hs fraction at T = 190 K [6] which shows that only a half of
ions in the unit cell has passed into the hs-state. For tem-
peratures higher than 190 K the quite sharp growth of the hs-
fraction is assured by the Fe2 ions. Actually already at
250 K the spin transition becomes complete because both
type ions have passed to the hs-state (Fig. 2).

4 Conclusions

In the present paper the problem of SCO in iron(Il) com-
pounds has been examined within the framework of the DFT
method. The suggested approach is based on the calculation
of the single point energies as functions of temperature. The
input for the task is represented by the variable temperature
structural data. To be sure that the suggested approach gives
reasonable results first the study of SCO in the well char-
acterized [Fe(ptz)g](BF4), compound has been performed,
and a clear picture of spin transformation in this compound
has been obtained which is in agreement with the experi-
mental data [7]. Then the approach was applied to the
explanation of the spin transformation in the y-polymorph of
the [Fe(bpte)(NCSe),] compound that contains in the unit
cell two structurally different types of iron ions. For this
polymorph it has been proved that both ions demonstrate
spin crossover but at different temperatures. This assures the
qualitative interpretation of the observed temperature trans-
formation of the hs-fraction [6] in the compound. It should
be also mentioned that in the framework of the suggested
approach to the study of spin crossover the temperature
dependence of the hs-state population can be restored for
each compound with the aid of variable temperature struc-
tural data in the case if these data are known in a wide range
of temperatures with a small temperature step.
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Abstract

The magnetic and mechanical properties of transition
metal nitrides can be altered in many ways by their
composition and microstructure, thus giving them excel-
lent usability for spintronics and corrosion resistant
coatings. The production of binary and ternary nitride
thin films by reactive sputter deposition provides a wide
variety of unique material combinations. This study
shows the considerable influence of the substrate temper-
ature on microstructure and magnetic properties for
different nitride compounds (Fe-N, Ni-N, Fe-Ni—N,
and Fe—Al-N). The substrate temperature is found to be a
significant parameter which allows adjusting the phase
formation and magnetic properties from soft ferromag-
netic to superparamagnetic. Furthermore, the extent and
incidence of texturing as well as the transition from poly-
to monocrystalline thin films can be controlled.

Keywords
Nitrides * Thin film ¢ Substrate temperature

1 Introduction

Transition metal nitrides are of great interest due to their
electrical, mechanical and magnetic properties, which can be
strongly influenced by the nitrogen content of the respective
phase [1]. They are used in corrosion, optical coatings [2]
and as diffusion barriers [3]. In addition, the binary
iron-nitrogen compounds including metastable o"-Fe ¢N,,
v'-Fe4N and e-Fe;N possess advantageous magnetic prop-
erties that have motivated research groups to conduct
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experimental and theoretical studies for many years [4, 5].
The extension to ternary nitride thin films enables potential
applications in data storage [6], spintronics and catalysis [7].
For the synthesis of transition metal nitrides, the nitridization
of transition metals at elevated temperatures in ammonia and
hydrogen atmosphere is frequently applied [5, 8]. Deposition
of thin films by reactive magnetron sputtering allows an
advanced film thickness control, by deposition power and
time, without the use of highly reactive gases, but the
deposition parameters have to be slightly adjusted especially
for the synthesis of ternary transition metal nitrides by
reactive co-sputtering. The microstructure of the film is
mainly influenced by the substrate temperature (Tg) and
substrate material, while the stoichiometry is ruled by the
partial pressure of the reactive gas species [9, 10]. Higher T
increases the grain size by enhanced (surface) diffusion
processes, but for reactive sputtering of metastable transition
metal nitrides, there is a threshold of the T, at which a
metallic film is formed [11]. Depending on the class of
material, the change in Ty alone can also have a major
influence on the composition and microstructure of the film,
influenced by the temperature dependent atomic sticking
coefficient. In this work, we present a systematic examina-
tion of the influence of T, on the synthesis of binary Fe-N
and Ni—N as well as ternary nitride thin films (Fe—Ni-N, Fe—
Al-N).

2 Materials and Methods

The thin films are deposited in a homemade chamber by
reactive magnetron sputtering with a mixture of Ar and N,
gas (Linde 5.0). The magnetron (thin film consulting,
IX2U-9A307-04) is mounted in an angle of 57° and a sub-
strate distance of 100 mm is selected. The gas pressure is
adjusted by MKS MF1 mass flow controllers, resulting in a
sputtering pressure of 5.7 x 107> mbar. The base pressure
of the chamber is 5.3 x 10™® mbar. Fe-N and Ni-N are
synthesized with a ratio of 7.5 and 80% N, in the sputter gas,
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respectively. The samples are deposited on a carbon film
(TEM grids, Plano GmbH), SrTiO; (001) or NaCl
(001) substrates, which are dissolved in methanol to produce
free-standing thin films. The electron diffraction patterns are
recorded at an FEI Tecnai G* F30 STwin with an accelera-
tion voltage of 300 kV and Cs = 1.2 mm. The magnetic
characterizations are operated with a Lakeshore 7400 Series
vibrating-sample magnetometer (VSM) with a maximum
external field of 20 T.

3 Results and Discussion

NizN shows a distorted hexagonal closed packed structure
(hcp, space group P6,22) of Ni atoms with N-atoms occu-
pying octahedral cavities. This phase is deposited by mag-
netron sputtering with a layer thickness of 30 nm at different
T,. The main focus of our examinations, for these samples, is
on differences in the microstructures, which was analyzed by
electron diffraction. The diffraction patterns (Fig. la, b)
show intensities on concentric rings, which can be clearly
assigned to the NisN phase. With increasing T, individual
reflection intensity starts segregating on the rings, which
indicates an increase of the grain size. At Ty =350 °C
(Fig. 1c), additional reflections appear that can be assigned
to metallic Ni. Consequently, there is a threshold T, above
which the thin layers are metallic due to metastability of the
transition metal nitride layer. On the basis of TEM bright
field images (not shown), the average grain sizes were
determined, which increase from 17 nm (Ts = 25 °C) to
27 nm (Ts = 400 °C). The grain sizes in Ni—N films can be
successfully increased by the T,, however, there is an
intrinsic limitation due to the metallization of the films from
300 °C onwards. Corresponding limitations are expected for
the Fe-N system at T > 450 °C.

Figure 1d, e shows electron diffraction patterns for Fe-N
samples deposited at increasing T,. By assigning the inten-
sity on concentric rings to the resulting phases it becomes
clear that T determines not only the microstructure but also
the finally obtained iron nitride phases. At lower T a
mixture of FesN (trigonal) and y'-FeyN is obtained at N,
partial pressure of 7.5%. y'-Fe,N crystalizes in a stable
anti-perovskite structure (space group Pm-3 m). The iron
atoms form a cubic fcc structure with N-atoms occupying
octahedral cavities. The range of composition for e-Fe; (N
goes from x = 0 to 0.99. The crystal structure is based on
nitrogen atoms occupying the octahedral sites in a hexagonal
closed packed structure of Fe atoms (space group P6322).
With increasing nitrogen content the symmetry is lowered to
P312. A transformation to a single phase of hexagonal
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Fig. 1 Electron diffraction patterns of Ni-N thin films at different
substrate temperatures, a 25 °C, b 300 °C and ¢ 400 °C are shown and
respective phases are indicated. Electron diffraction patterns of the Fe—
N thin films at d 25 °C, e 350 °C and f 450 °C

e-Fe;N is obtained at 350 °C, while the grain sizes are
slightly increased. A second transformation to Fe;¢N, and
v'-Fe4N occurs at 450 °C with almost constant grain sizes.
Fe 6N has a large unit cell with a complex bct structure that
results from a distortion of the bee o-Fe structure with 14/
mmm space group. For the sample at 350 °C, the largest
grain sizes are measured, that could be assigned to a single
phase.

In addition to T, the surface energy can be changed
during the deposition process by the substrate material itself.
In the following, we have investigated the influence of NaCl
and SrTiO; substrates on the film microstructure with
equivalent sputter parameters to those specified for the car-
bon (TEM grid) substrate. By using monocrystalline sub-
strates, the growth of epitaxial thin films can be achieved,
whereby the properties can be decisively changed in their
isotropy. The texturing of NizN thin films, deposited on
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NaCl (001) substrates is indicated by the electron diffraction
patterns in Fig. 2a—c. Based on the non-uniform intensity
distribution on the diffraction rings and the absence of some
intensities, a texturing in [101] zone axis can be inferred,
which enhances with increasing Ts. The absence of reflec-
tions [e.g. (—131)] in Fig. 2c underlines an increased tex-
turing compared to Fig. 2a. The majority of the faceted
grains (T = 300 °C) is aligned according to the texturing in
[101] zone axis. A high-resolution TEM micrograph of a
single grain is shown in Fig. 2d (center), with the corre-
sponding FFT in [101] zone axis (2 d, bottom). Surprisingly,
at 200 °C, multiple reproductions of the sample confirm that
no texturing was present. The lack of texture at 200 °C could
be due to an increase in the nucleation rate. The measured

032,
03022

a2-1-2

1

-120802"
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Ni3( [01&'
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Yy N

Ni3N [101] = Y,
- V

N

5 1/nm

Fig. 2 Electron diffraction patterns of NizN thin films deposited on
NaCl substrates at a 25 °C, b 200 °C and ¢ 300 °C. A [101] texture for
a and c is observed due to the intensity distribution on concentric
diffraction rings. The absence of reflections [e.g. (—131)] in (¢) indicates
increased texturing. d A TEM overview image of the sample at
Ts = 300 °C (top). Center and bottom: a high-resolution TEM micro-
graph of a single grain and the corresponding Fast Fourier Transform,
both for zone axis [101]

grain sizes are smallest for this sample supporting the
increased nucleation rate, whereby the extremely significant
influence of T, becomes evident again.

Atiq et al. [12] synthesized single crystalline y'-Fe,N thin
films on MgO substrates to analyze the impact of substrate
material on the magnetic properties, furthermore, SrTiO5; and
NaCl substrates were investigated [13, 14]. In our study, we
successfully demonstrated the deposition of single crys-
talline e-FesN on SrTiO5 (001). The systematic variation of
the deposition parameters allows the selective deposition of
a e-Fe;N film with equal deposition parameters. A diffrac-
tion pattern of e-Fe;N [101] is given as an inset (Fig. 3a) and
the orientation relationship is represented by the Fast Fourier
Transformations (bottom), i.e., (—121) of &-FesN and
(220) of SrTiO5 [001] show the same orientation and com-
parable plane distances of 1.97 A and 1.95 A, respectively.
The agreement of these distances is indicating an excellent
match of the structures and can be a decisive factor for the
deposition of epitaxial or monocrystalline layers.

The e-FesN phase is used as a starting material to
investigate the microstructure and phase formation of ternary
Fe,MN (M = Al, Ni) materials by co-sputtering. This
approach offers a wide range of possible changes in
microstructures and properties. We adjusted the deposition
parameters to extend a molar ratio of M/Fe = 0.33. The
addition of Al results in a nanocrystalline microstructure
with amorphous fractions (Fig. 3b, diffuse intensity distri-
bution), while the addition of Ni preserves the microstruc-
ture, suggesting the substitution of Fe atoms by Ni atoms in
the e-FesN structure (Fig. 3c¢). The drastic change of the
magnetic properties is summarized in Fig. 3d (with a nom-
inal composition of Fe;NiN, Fe;AIN, and Fe;Alj ;N). For
both samples, saturation polarization and remanence are
drastically reduced. The sample with Al shows no detectable
remanence, indicating superparamagnetic properties. The
precondition for the effect of superparamagnetism is given
by the particle diameter in the nanometer regime. If the
thermal energy is larger than the magnetic anisotropy energy
of a single domain particle, its magnetization direction ran-
domly switches. The result is the loss of spontaneous mag-
netization and remnant polarization. In addition, the
exchange coupling between the particles must be prevented.
The present non-ferromagnetic matrix (y”-FeN/B-AIN) can
be responsible for this behavior. A possible microstructure
that fits the electron diffraction pattern and the magnetic
measurements may contain grains of e-FesN and y'-Fe4N in
a matrix of y”-FeN/B-AIN, both are neither ferromagnetic or
ferrimagnetic. This special microstructure was exclusively
investigated for T, = 300 °C, while marginal deviations
from this temperature result in larger grain sizes with fer-
romagnetic properties.
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Fig. 3 a Interface (arrow) of
SrTiO3 and FesN thin film, the
inset indicates an electron
diffraction pattern of a single
crystalline e-Fe;N phase in [101]
zone axis orientation. The
orientation relationship is
represented by the Fast Fourier
Transformations (bottom), (—121)
of &-FesN and (220) of SrTiO3
[001], show the same orientation.
The electron diffraction patterns
of Fe—Al-N and Fe-Ni-N are
depicted in (b) and (c),
respectively. Magnetic hysteresis
loops are plotted in (d) and the
superparamagnetic loop of
Fe3Aly (N is magnified in (e)

(d)
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4 Conclusions

The deposition of crystalline nitride thin films requires a
precise examination of the sputtering parameters. In this
study, the influence of T, and the associated shift of surface
energy during the manufacturing process were investigated.
Depending on the material system, this may cause
microstructure as well as constituting phase changes. The
grain size of Ni3N films can be increased from 17 to 27 nm, a

I

Polarization J [T]

20 40 60 -40 -20 0 20 40

Magnetic field H[kA/m)

change of the substrate resulted in a significant texturing of the
film, surprisingly, the texturing is absent at intermediate
temperature. For the Fe—N system, T; triggered a change from
v'-Fe4N and Fe;N over e-Fe;N (hexagonal) to Fe¢N,. By
using a SrTiO; substrate a monocrystalline e-Fe3N film, with
a defined orientation relationship, could be produced. By
adding another substitutional element, massive influence can
be exerted on the magnetic properties and the microstructure.
The production of superparamagnetic Fe—Al-N thin films is
indicated by electron diffraction and VSM measurements.
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Abstract

The magnetic behavior of the {[FeTp(CN);],Co(Meim),}
6H,0 compound is examined. Since the observed charge
transfer induced spin transition in this compound is
accompanied by electronic density redistribution, the
theoretical model includes the electron transfer between
the Fe and Co ions and two types of cooperative
interactions, namely, the electron-deformational and
dipole-dipole interactions. It is demonstrated that at low
temperatures the spin transformation in the compound
under study is accompanied by the appearance of
macroscopic polarization. The developed model gives a
quite good explanation of the observed effective magnetic
moment.

Keywords

Charge transfer induced spin transition (CTIST)
Macroscopic polarization ¢ Electron transfer
Cooperative dipole-dipole interaction

1 Introduction

The study of compounds with tunable magnetic and optical
properties is of great interest due to the possibility of their
application in quantum electronics as optical and magnetic
switches [1-7]. In these systems the change of the magnetic
state under action of external stimuli (external electric and/or
magnetic fields, temperature, pressure) manifests itself in the
observed magnetic and spectroscopic characteristics.
Recently the attention of researchers has been switched to a
new type of compounds in which the significant change in
the magnetic propertied due to the intramolecular electron
transfer is accompanied by polarization switching inside a
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molecule. These systems manifesting a strong interconnec-
tion between their magnetic and polarization characteristics
open the possibility for design of new switchable multi-
functional materials.

The bimetallic neutral {[FeTp(CN)z;],Co(Meim),} (Tp =
hydrotris(pyrazol)borate, Meim = N-methylimidazole) com-
pound was the first one showing both thermally and
photoinduced electron transfer together with reversible polar—
nonpolar transformation. The synthesis, crystal structure and
magnetic behavior of this compound are presented elsewhere
[8]. At high temperatures the trimeric complex consists of one
high spin (hs) Co"ion and two low spin (Is) Fe'ions. With the
temperature decrease the charge transfer converts Co' into
Co™ ions and parts of Fe" into Fe' ions, charge transfer
occurs randomly on the two iron sites. Low temperature
Maossbauer spectra demonstrate equal amount of Fe™ and Fe'™
species confirming thus a complete charge transfer. All ions
are in the Is configurations.

In the present contribution a theoretical model to the
study of driven by temperature spin transition in trinuclear
Fe—Co—Fe complexes is developed. Based on this model, the
significant change in the magnetic and polarization proper-
ties of the {[FeTp(CN);],Co(Meim)4} - 6H,O compound is
explained.

2 Model

Three electronic configurations of the linear Fe-Co—Fe tri-
mer are regarded, namely, Fe['-Col'-Fe[l, Fe[l'-Cofl—Fe[!!

Is Is Is
and Fe['-Coj —Fell. The Co|!

II . .
s and Fej; ions are diamag-

netic, while the COE and Fegl ions are regarded as
pseudo-spins 1/2 due to strong Jahn-Teller effect and strong
spin-orbital coupling, respectively. As for the Coj. ion, it is
assumed that the nearest ligand surrounding of this ion is
strongly distorted from the octahedral one, so this ion can be
treated as a spin-only s = 3/2 system [9].
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The crystal Hamiltonian of the system under examination
can be written as

H=Hy+H;+Vu (1)

where the first term represents the Hamiltonian of
non-interacting clusters (crystal fields of the nearest ligands
acting on the metal ions, intra-center Coulomb interactions,
the electron transfer between the Is Fe and Is Co ions), the
second one is the intermolecular electron-deformational
interaction between trimeric clusters in the crystal and the
last part is the intermolecular dipole-dipole interaction.

The joint effect of the crystal field of the nearest ligands
and intra-center Coulomb interactions is accounted with the
use of two A; (i = 1, 2) parameters where A, and A, are the
energies of the Fel'-Col'-Fe!ll and Fe['-Coj' —Fel" config-
urations of trimer, respectively, counted from the energy of
the Fe['-Cojl'-Fe|! configuration taken as an origin. The
electron transfer between Is Fe and Is Co ions results in the
non-diagonal matrix elements of Hy between the states of the
Fe/'-Coj"-Fel! and Fe['-Co{!-Fe[' configurations.

The cooperative electron-deformational interaction in the
crystal (H,,) represents an infinite range interaction between
the ions which undergo the spin transformation [10-12]. In
the mean field approximation H, is decomposed into the
sums of single-ion Hamiltonians [10]:

H, =-Jz Z Tn

n

(2)

where T = Tr(pt,) with p being the density operator and 7,
is a diagonal matrix that has a dimension of the whole basis
of the problem under study:

Iy 0 0
Tn = 0 1)1/1)011 0 (3)
0 0 vz /volp

In Eq. (3) vy, v; and v, are electron deformational cou-
pling constants for Coj, Coj. and Cof. ions, respectively,
and Iy, I, and I, are the unit matrices that act in the corre-
sponding configurations of the studied trimer (for details see
[10D.

Finally, the intermolecular dipole-dipole interaction in the
mean field approximation can be written as:

Vi = —Lzzd* >y d. (4)

where d? = Tr(pd?) and d? are diagonal matrices with
matrix elements equal to dy, —dy for the states arising from
configurations Fe['-Co['-Fel! = Fe[l-Co['-Felll, respec-
tively. At the same time for both configurations
Fe['_Coj-Fel!' and Fe['-Coj.—Fell' the matrix elements of

the dipole moment are vanishing.

S. M. Ostrovsky and S. I. Klokishner
3 Analysis of the Experimental Data

The model presented above is applied for the description of
the experimental magnetic behavior of the {[FeTp(CN);],Co
(Meim),} - 6H,O compound. To reduce the number of the
independent parameters in the subsequent calculations it is
set v1/vg = 1.2 and vy /vy = 2.6 [10] while for the electron
transfer parameter the typical value of 300 cm™ " is accepted
[13]. Figure 1 demonstrates the result of calculation of the
effective magnetic moment (¢) as a function of tempera-
ture. The values of the parameters used in the calculations
are part of the Figure caption. The Landé factor for the Coj.
ions was set equal to its usually accepted value 2, while for
the Coy. and Fell' ions these factors were determined on the
base of the following considerations. For the examined
abrupt spin transition accompanied by the hysteresis loop the
Landé factors do not influence the behavior of the compound
in the range of the spin transition temperature which is in
between 221 and 230 K. In fact these factors for the Co and
Fe ions affect the effective magnetic moment values at high
and low temperatures and can be extracted using the
experimental values of u. in these temperature ranges. The
magnitudes of the parameters A, A;, Lzzd(%, and J are of the
order of characteristic values for these parameters [10, 13].
From Fig. 1 it follows that the theoretical model describes
quite well the observed curve for the effective magnetic
moment in the range of low and high temperatures as well as
in the range of the hysteresis loop wherein the charge
transfer induced spin transition takes place and the system
demonstrates bistability.

Figure 2 represents the thermal variation of the relative
populations of different cluster configurations for the {[FeTp
(CN);3],Co(Meim)4} - 6H,O compound. It is seen that at
low temperatures the majority of clusters is in the
Feﬂl—Cogl—Feg configuration, while at room temperature in

0 50 100 150 200 250 300
T,K

Fig. 1 Experimental p.g versus T dependence for {[FeTp(CN);],Co
(Meim),} - 6H,0 (open circles [8]) and the theoretical curve calculated
with A, =1080cm™', A, =880cm ', J=288cm ', Ly d}=
300 cm™', g (Cop) =2.8, g (Fel') =2.6
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Fig. 2 Thermal variation of the populations of the Fe|'-Coll—Fe]! (1,
solid curve), Fe};I—Cog—FeEI (ny, short dash curve) and Fe};I—COHS—FegI
(n3, dash curve) cluster configurations calculated with the same set of
parameters as in Fig. 1

the compound under examination the number of clusters in

the Fe["-Co|! ~Fe!l' configuration dominates. The amount of

trimers in the Fe['-Co{'-Fe!l' configuration is less than 10%

at all temperatures. However, the inclusion of this configu-
ration in the model reflects the real situation which takes
place in the system under examination as well as in the
systems demonstrating valence tautomerism [10, 14]. In fact
the probability of charge transfer between the configurations
Fe'_Coj'-Fe|! and Fe['-Co|-Fel' is much higher than that
characterizing the transfer between the former configuration
and the configuration Fe['~Coj.—Fe['. Thus, the configura-
tion Fe['-Co{!-Fe[!" represents the intermediate stage for the
observed spin transition.

It is seen that the presented above model nicely describes
the experimental observations on the magnetic behavior of
the {[FeTp(CN);],Co(Meim)4} - 6H,O compound (Fig. 1).
The calculations also demonstrate that the spin transition in
this compound is accompanied by the appearance of
macroscopic polarization which increases with temperature
decrease.

4 Conclusions

A microscopic approach for the description of the charge
transfer induced spin transition in the {[FeTp(CN);],Co
(Meim),} - 6H,O compound is presented. The spin transi-
tion is considered as a cooperative phenomenon that is dri-
ven by the interaction of electronic shells of the Co ions with
the totally symmetric deformation of their local coordination
environments that is extended over the crystal lattice via the
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acoustic phonon field. The model also includes the electron
transfer between the low spin Fe and Co ions that results in
the redistribution of the electronic density inside the cluster
leading thus to the cooperative dipole-dipole interaction.

Within the framework of the suggested model the
experimental data on the variable temperature magnetic
susceptibility were interpreted and the characteristic values
of the parameters of the main interactions have been
obtained from the comparison of the calculated and observed
magnetic characteristics. It was demonstrated that the spin
transition in the {[FeTp(CN);],Co(Meim),} - 6H,O com-
pound is also accompanied by the appearance of macro-
scopic polarization which is appreciable up to the
temperature of the spin transition.

Acknowledgements The financial support of the Science and Tech-
nology Center in Ukraine (STCU project N 6219) and of the Ministry
of Education, Culture and Research of Moldova (project
15.817.02.06F) is highly appreciated.

Conflict of Interest The authors declare that they have no conflict of
interest.

References

1. Sanvito, S.: Molecular spintronics. Chem. Soc. Rev. 40, 3336—
3355 (2011)

2. Letard, J.-F., Guionneau, P., Goux-Capes, L.: Towards Spin
Crossover Applications. Top. Curr. Chem. 235, 221-249 (2004)

3. Kahn, O., Martinez, C.J.: Spin-transition polymers: from molec-
ular materials TOWARD memory devices. Science 279, 44-48
(1998)

4. Gamez, P., Sanchez Costa, J., Quesada, M., Aromi, G.: Iron
spin-crossover compounds: from fundamental studies to practical
applications. Dalton Trans., 7845-7853 (2009)

5. Kahn, O., Launey, J.P.. Molecular bistability; an overview.
Chemtronics 3, 140-151 (1988)

6. Kahn, O., Krober, J., Jay, C.: Spin transition molecular materials
for displays and data recording. Adv. Mater. 4, 718-728 (1992)

7. Ruiz, E.: Charge transport properties of spin crossover systems.
Phys. Chem. Chem. Phys. 16, 14-22 (2014)

8. Liu, T., Dong, D.-P., Kanegawa, S., Kang, S., Sato, O., Shiota, Y.,
Yoshizawa, K., Hayami, S., Wu, S., He, C., Duan, C.-Y.:
Reversible electron transfer in a linear Fe,Co trinuclear complex
induced by thermal treatment and photoirraditaion. Angew. Chem.
Int. Ed. 51, 43674370 (2012)

9. Kahn, O.: Molecular magnetism. VCH Publishers, New York
(1993)

10. Klokishner, S.: Cobalt valence tautomeric compounds: molecular
and solid state properties. Chem. Phys. 269, 411-440 (2001)

11. Klokishner, S.I., Varret, F., Linares, J.: Effect of hydrostatic
pressure on phase transition in spin-crossover 1D-systems. Chem.
Phys. 255, 317-323 (2000)



46

12.

13.

Klokishner, S., Ostrovsky, S., Palii, A., Shatruk, M., Funck, K.,
Dunbar, K., Tsukerblat, B.: Vibronic model for cooperative
spin-crossover in pentanuclear [MIII(CN)6]2[M'II(tmphen)2]3
(M/M' = Co/Fe, Fe/Fe) Compounds. J. Phys. Chem. 115,
21666-21677 (2011)

Roman, M., Reu, O., Klokishner, S.: Charge-transfer-induced spin
transitions in crystals containing cyanide-bridged Co-Fe clusters:
role of intra- and intercluster Interactions. J. Phys. Chem. A 116,
9534-9544 (2012)

S. M. Ostrovsky and S. I. Klokishner

14. Ostrovsky, S., Palii, A., Klokishner, S., Shatruk, M., Funck, K.,

Achim, C., Dunbar, K.R., Tsukerblat, B.: Vibronic approach to the
cooperative spin transitions in crystals based on cyano-bridged
pentanuclear MyFe; (M = Co, Os) clusters. In: Atanasov, M.,
Daul, C., Tregenna-Piggott, P.L.W. (eds.) Vibronic Interactions
and the Jahn-Teller Effect: Theory and Applications. Progress in
Theoretical Chemistry and Physics, vol. 23, pp. 379-396. Springer
(2012)



A. Mihalache

Abstract

The work offers for discussion the results of investiga-
tions of absorption spectra (gamma-ray nuclear reso-
nance) of gallium antimonide doped with 57Fe isotope in
the concentration range of the atomic mass of 1-3%,
within the temperature range of 4.2-300 K, in the absence
of an external magnetic field. Also, a model of the
impurity center of iron in gallium antimonide is
described.

Keywords
GaSb ¢ Nuclear magnetic resonance

1 Introduction

Gallium antimonide—GaSb, is a group A™BY semicon-
ductor with a narrow energy band, small effective mass of
electrons, and high mobility. GaSb can be the main material
whose crystal lattice is suitable for fabricating optoelectronic
devices in the range of 0.8—4.3 um. Studies of GaSb have
been progressing of late due to the growing demand in new
compatible optoelectronic materials, in optic fibers of 2-
4 pm. Information on the research and development of
devices based on GaSb is available, for example, in Milnes
and Polyakov [1], Dutta et al. [2].

The study of the behaviour of the dopants from the
transition group, such as Fe, Ni, Cr, Mn, in gallium anti-
monide is topical and challenging. Still, physical properties
of GaSb doped with elements from the transition group have
not been thoroughly investigated yet.

As is known, in order to modify electrical and optical
properties of specific devices it is necessary to dope the
material used. This is achieved, as a rule, by diffusing the
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element concerned in a semiconductor. The p-type GaSb is
doped with 57Fe by diffusion, because it is this isotope that
is responsible for high mobility and solubility of GaSb. To
control the doping with 57Fe it is necessary to profoundly
understand the mechanism of the diffusion of 57Fe. No
doubt the study of the diffusion of 57Fe in GaSb is of interest
in both theoretical and applied aspects.

Nowadays a variety of experimental technologies are
used to study impurity atoms in semiconductors.
Cutting-edge technologies of semiconductor materials make
it possible to get samples that meet the requirements of
practically every experimental method used in solid state
physics. Most widely used are those to measure electrical
conductivity, galvanomagnetic effects, photoconductivity,
thermal and electrical conductivity, etc. All those methods,
when used to study semiconductors, supply a lot of data on
the impurity atoms in semiconductors. The methods men-
tioned may be called indirect methods, that is, the infor-
mation obtained during the experiment concerns the charge
carries but not the impurity atoms as such. The interpretation
of these data, first of all, regarding the structure of the
impurities centers and then the involvement, to a smaller or
larger degree, of the arbitrary positions, should be very
cautious and followed by the findings of direct methods.

Direct methods that can give direct information about the
impurity atoms under investigation by the author of this
article are: electronic paramagnetic resonance, nuclear
magnetic resonance, nuclear quadrupole resonance, photo-
electronic spectroscopy, perturbated angular correlation
spectroscopy, etc. Among those is the Mdssbauer spec-
troscopy, too. The role of the electronic paramagnetic reso-
nance is well known, for example, when confirming the
theory of the impurity centers in semiconductors. However
those methods are not as universal as is the measurement of
the electrical conductance or the Hall effect, that is, those
methods mentioned above can be applicable to a limited
number of semiconductor materials or impurities in them.

The features of the Mdssbauer effect that allow it to
compete with other direct methods are: (1) a possibility to
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obtain a number of parameters in a single experiment, which
supplies direct information about impurity atoms and their
surroundings; (2) an absolute selectivity of the isotope under
study; (3) an insensibility to long-range rays.

In the past years, the literature in the field has accumu-
lated a large volume of data on the impurities centers in
semiconductors that became possible owing to the Mdss-
bauer spectroscopy.

Figure 1 shows the schemes of the nuclear levels, revised
and described by Mdssbauer isotopes, and the schemes as
the nuclear disintegration basis for these.

These schemes demonstrate the difference between the
results with the absorption spectroscopy and those with the
emission one, and they will be further used to illustrate the
findings for certain impurities.

In both of those versions of spectroscopy there is a
radioactive source that emits Mdssbauer quanta when certain
nuclei pass from the excited into the ground state, as well as
the absorption that has the same nuclei in the ground state
and can absorb radiation at a corresponding resonance fre-
quency. More widely used is the version with the absorption,
that is, the object studied is an absorber—a standard radia-
tion source with a single emission line. The sensibility for
this type of spectroscopy is up to 1018 at/cm®.

It is worth noting here that the emission spectroscopy
allows to partially avoid one of the main bottlenecks of the
Mossbauer effect—a limited number of isotopes. From the
schemes of Mdssbauer levels of 119Sn it is clear that the
transition for 119Sn can be used for five different impurities:
cadmium, indium, stanium, antimonium, tellurium Fig. 1.
Nowadays, the Mdssbauer effect has been found with over
40 isotopes. However in semiconductor physics only 15
isotopes could be used. It is necessary to underline here that
the existing isotopes are of high importance as doping ele-
ments for many semiconductor materials.

In spite of all its advantages, emission spectroscopy has
two heavy drawbacks. First, the information based on the
emission spectra turned to be complicated—it refers to the
parent atom according to its position in the crystal lattice, the
formation of different types of associations with the lattice
defects, and to the daughter atom, depending on the elec-
tronic state. Second, radioactive transformations preceding
the Mdssbauer transition, could change the initial position of
the state of the charge of the parent atom, which leads to
difficulties in treating the emission spectra [4].

The main parameters of the Mossbauer spectra that are
used in the present work are: isomer shift & (it allows to
identify electronic states and the charge of the impurity
atoms), quadrupole splitting A (it allows to determine the
local symmetry of the impurity center and to draw conclu-
sions concerning the formation of the associations of such a
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center with other crystal defects), the width of the spectral
line I' (it contains the information on the weak hyperfine
interactions).

2 Discussion of Experimental Results

Gallium antimonide doped with 57Fe, under investigation in
this article, was obtained in the following way: first, the
synthesis of GaSb in evacuated fused quartz ampoules, with
pure Ga and Sb as well as Fe dopants in predetermined
concentrations was carried out. Then the container with the
respective components was placed in an electric furnace
(with the T kept at 9000 °C), connected to the mechanical
vibrator at the frequency of 50 Hz. Under the experimental
conditions mentioned above, the synthesis took 24 h; then
the electric furnace with the container was left for cooling.
The following step in the technological process was the
homogenisation and the growth of single crystals in an
installation for zone melting.

Interesting physical phenomena have been revealed while
investigating more profoundly (a) the properties of gallium
antimonide doped with transition elements, and
(b) gamma-ray nuclear resonance—the Mdssbauer effect—
in the iron atoms diffused in GaSb. For instance, gallium
antimonide doped with the isotope 57Fe, enriched up to
99.99%, has been grown using the zone melting technique
modified for the concentrations of 1-3% atomic mass.

Under investigation here were both p-type single crystals
of GaSb with the charge carriers concentration of
4 x 10" cm™ and n-type single crystals of GaSb with the
charge carriers concentration of 8 x 10'® cm™. In order to
get Mossbauer’s spectra, absorbants from different zones of
the ingot were prepared. The spectra were registered in the
range from the room temperature to the temperature of liquid
nitrogen. The estimations and the results of the spectra
processing, as well as of the experimental data were carried
out using the program WMOSS (solid lines) and are plotted
in Figs. 2, 3 and 4.

Another object of study was the valence of the Fe
impurity atoms arising from the 57Co decay using Moss-
bauer’s spectroscopy. The picture of the 57Co radioactive
decay is given in Fig. 2. Gamma-ray nuclear resonance
spectra for GaSb doped with 57Fe depend on the conduc-
tivity type and the concentration of charge carriers.

In p-type samples Mdssbauer’s spectra are in a form of a
doublet, i.e. two specific peaks in a spectrum, with the
quadrupole splitting AEy ~ 1.2 mm s~ ! and the isomer shift
6~ 0.5 mm s~ ', whereas in n-type samples the quadrupole
splitting is AEp ~ 0.5 mm s”' and the isomer shift is

d~04mms '
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Fig. 2 Spectrum of Mdssbauer spectroscopy of the 3’Fe, 1% atomic
mass, in GaSb at T = 300 K
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Fig. 3 Spectrum of Méssbauer spectroscopy of the 3’Fe, 3% atomic
mass, in GaSb at T = 300 K

The authors in [5-7] have found a broad line in the
gamma resonance (M0ssbauer) spectra for GaSb. It is clearly
seen there that for the Mdssbauer impurity atoms, the
parameters of those spectra have to be dependent, first of all,
on the properties of the crystal lattice. From here, one could
assume that in the same semiconductor, but in its different
types and in different concentrations of the charge carriers,
the Mossbauer spectra for the impurities of the electrically
active atoms could be different relative to the parameters.
Using Mossbauer’s parameters, one can see that iron in the
crystal lattice in AIIIBV substitutes the atoms of elements
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Fig. 4 Spectrum of Mdssbauer spectroscopy of the >’Fe, 3% atomic
mass, in GaSb at T =5 K

for group III and has the configuration 3d5. As is known,
elements from the Fe group in AIIIBV compounds should
form acceptor levels [8]. In AIIIBV compounds with a broad
energy band, GaSb being one of them, for the samples of the
p-type, at T < 295 K, all impurity centers are not ionized,
and those centers could be trivalent ions with the incomplete
tetrahedral bonding arrangement, which leads to the
appearance of the electric field gradient on 57Fe nuclei as
well as to a greater quadrupole splitting. With the rise of
temperature, the impurity centers become ionised and hence
can be formally described as the movement of holes from the
impurity atoms. Thereby Fe atoms are complementing their
bondings, thus reducing the quadrupole splitting. A process
similar to ionisation of the impurities centers can be
observed when inserting Fe atoms in the n-type samples. No
doubt when the concentration of the charge carriers in the
n-type samples is less that the concentration of the impurity
atoms then the gamma-ray resonance (Mdssbauer) spectrum
should be composed of the overlapping of two types of
spectra. Measuring the dependence of the quadrupole split-
ting temperature of the gamma-ray (Mdssbauer) resonance
of 57Fe in GaSb allows to find out the nature of the impurity
atoms as well as their energy levels.

The Mossbauer spectra for the samples of 1 and 3%
concentrations were collected on a Model MS4 WRC
spectrometer (SEE Co, Edina, MN), at the Centre “Physical
Chemistry and Nanomaterials™ of the Institute of Chemistry
of the Academy of Sciences of Moldova. The conditions and
facilities of the experiment were: the temperature range of
4.5-300 K, with the closed circuit; a system with refriger-
ated helium; and the temperature sensor of the model W106.
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The source was a 57Co (0.74 GBq) in Rh matrix; isomer
shift refers to the metal o-Fe at 298 K. Experimental data
were analysed using the program WMOSS (WEB Cercetare,
Edina, MN).

3 Conclusions

As a result of the investigations it was found out that in
GaSb doped with 57Fe gamma-ray resonance spectra
depend on the conductivity type and the concentration of
charge carriers. Estimations of the temperature dependence
of the quadrupole splitting of the gamma-ray resonance
(Mossbauer) spectra allowed to determine the nature of the
electrical activity of the Mdssbauer impurity atoms and their
energy levels. The data obtained alow to conclude that iron
doped in gallium antimonide makes the latter to have the
configuration of 3d°, to be a trivalent impurity, with a
tetrahedral structure, thus broadening its bondings.
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Abstract

The ZnO thin layers were grown on glass, InP and
pInP-nCdS substrates from zinc acetate dissolved in
water-acetic acid-methanol solution having a molarity of
0.2 M by using the spray method in the argon flow in the
temperature range of (250—450) °C. The dependence of
optical properties of ZnO layers on growth temperature
have been investigated. The optical transmittance has
values of 80-85% in the wavelength range of (200—
1000) nm. The using of ZnO of the thickness of (60-80)
nm as antireflective layers in nCdS-pInP structures
allowed to increase the photovoltaic cell efficiency by
3%. The photosensitivity of the fabricated nZnO-pInP
structures covers the wavelength region from 450 nm up
to 1100 nm and allows the more efficient utilization of the
incident light.

Keywords
Zinc oxide ¢ Nanometric layers  Spraying °
Transmittance * Photovoltaic cell

1 Introduction

A particular interest in zinc oxide (ZnO) is caused by the
unique optical and electrophysical properties of this material.
ZnO layers are chemically stable and do not react to the
atmospheric instability and are used as transparent layers in
the visible and infrared region of the spectrum as electrical
contacts and buffer layers in solar cells and information
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recording devices [1-3]. Zinc oxide ZnO is a semiconductor
of the A;B¢ group with a band gap of 3.37 eV at room
temperature. Since the binding energy is close to 60 meV
[4], which is several times higher than for GaN and the
energy of biexiton formation is 15 meV [5] which is also
higher than for GaN therefore ZnO is considered as
promising material for exitonic devices. The zinc oxide
layers doping allows to obtain layers with a relatively low
resistivity of 2 x 1074 Q cm [6, 7]. The zinc oxide layers
possess high piezoelectric and electroluminescent charac-
teristics and can be used as functional layers in acoustic
devices [8, 9], ultraviolet and infrared radiation sources and
detectors, and in linear optic elements [10-12]. The possi-
bilities of this heated material allow the absorption of gases
and thus their use as gas detecting sensors [13, 14].

For the deposition of ZnO thin layers different tech-
nologies were used, such as chemical vapor deposition
(CVD) [15], magnetron spraying [16], sol-gel [17], laser
evaporation [18], electrodeposition [19] and spray (pulver-
ization) [20]. In this paper spray pyrolysis was used for ZnO
layer deposition. An important advantage of this thin film
deposition technology is that it is very economical, does not
require costly installations and is accessible to the deposition
of zinc oxide with properties that can be controlled by
changing the technological regime of production. The pro-
spect of the implementation of this technology consists in
the simplicity of obtaining different compounds of semi-
conductor materials, their solid solutions, doping with
impurities and fabrication of heterojunctions in a single
technological cycle. These advantages make spraying as a
perspective in nanotechnologies for the realization of new
generations of devices in optoelectronics, photonics and the
deposition of antireflective (AR) and anticorrosion coatings.

There are several papers proposing ZnO as AR coating
for silicon and CIGS solar cells to improve the efficiency
[21, 22] but, to best of our knowledge, no one yet reported
use of ZnO as AR coating for InP/CdS solar cell. Therefore,
the purpose of this paper is to investigate the optical prop-
erties dependencies of ZnO layers in function of the

53

L. Tiginyanu et al. (eds.), 4th International Conference on Nanotechnologies and Biomedical Engineering,

IFMBE Proceedings 77, https://doi.org/10.1007/978-3-030-31866-6_11

)

Check for
updates


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-31866-6_11&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-31866-6_11&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-31866-6_11&amp;domain=pdf
mailto:v_botnariuc@hotmail.com
mailto:lgorceak@yahoo.com
https://doi.org/10.1007/978-3-030-31866-6_11

54

deposition temperature and also, to study influence of ZnO
as antireflective layer on photoelectrical parameters of
nCdS/pInP structure.

2 Experiment

Zn acetate (Zn(CH3;COO),-2(H,0)) dissolved in water—
acetic acid—methanol in a 25:10:65 ratio having the con-
centration of 0.2 M was used for to deposit ZnO layers.

The layer deposition facility described in [23-26] was used
for fabrication of ZnO layers. The main components of this
facility are: spraying system, electric furnace, substrate sup-
port, the system of support insertion into the furnace and the
temperature control system. The equipment allows to fabricate
ZnO layers having the area up to 80 cm? The furnace tem-
perature was maintained constant with an accuracy of +5 °C.
7Zn0 layers were grown in an argon atmosphere at 2 bar spray
pressure. Glass plates were used as substrates being previ-
ously degreased in toluene, isopropyl alcohol, and then cor-
roded in methanol +5%Br for 10 min, dried in isopropyl
alcohol vapors, and then placed in the deposition chamber
(electric furnace). Thereafter, the furnace temperature was
raised to the needed for deposition value, the sprayer was
connected to the carrier gas system, the zinc acetate solution is
poured into the sprayer furnace and the deposition process is
carried out. For a solution volume of 20 ml the deposition
time was of 6 min. The heterojunction InP/CdS solar cells
were fabricated by deposition of InP by HVPE on InP sub-
strates with carrier concentration 10'® cm™ and orientation
[100] at Tgy, = 680 °C in hydrogen atmosphere. The CdS
thin films were deposited by close space sublimation method
at Ty, = 650 °C in hydrogen atmosphere, also. Figure 1
show the schematic of the InP/CdS solar cell model proposed
in this study. As contact ohmic was used Ag+5%Zn for InP,
and In for CdS thin film, both deposited by thermal evapo-
ration. Fortunately, refractive index of ZnO is very close to
the ideal value required for antireflection (AR) coating of
InP surface.

The optical transmittance of the ZnO layers in the
wavelength range (200-1000) nm was measured by using

€— ZIn0

B B B B B Ee— in

n CdS
p-InP

p+ InP

Ag+5%2Zn

Fig. 1 The schematic of the InP/CdS solar cell with antireflective ZnO
thin film
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the Agilent Cary 60 spectrometer. The current-voltage
characteristics were measured at Keithley 4200 Semicon-
ductor characterization system at room temperature,
100 mW/cm?.

3 Results And Interpretation

The optical transmission spectral dependence of ZnO layers
deposited within the temperature range of the glass support
(250-450) °C at a constant volume of 20 ml is shown in
Fig. 2. As we one see, the optical transmission has values
(80-85)% within the wavelength range (300-1000) nm. For
the layers obtained at all support temperatures, the same
amount of the solution was sprayed. It was established that
the spectral dependence of the optical transmittance was
practically the same with the exception of the layers grown
at temperatures of 400 and 450 °C, whose crystalline
structure is probably more qualitative.

In our proposed model, front region of the solar cell
which is directly exposed to solar radiation is composed of
n-type ZnO/CdS layers. Therefore, transparency of the ZnO
layer for visible is very important. The nanometric ZnO
anti-reflective layers deposited on nCdS-pInP structure
frontal surface have been sprayed at 250 °C for not damage
the grid of the generated charge carriers collection. The
impact of ZnO thickness on open circuit voltage (Ugc), short
circuit current (Isc), fill factor (FF), and power conversion
efficiency () of the ZnO/CdS/p InP/p*InP solar cell are
investigated. The photovoltaic parameters dependence on
ZnO antireflective layer thickness of n CdS-pInP structure
are given in Table 1. Thicknesses of (60-100) nm are the
most favorable for increasing the photovoltaic cell efficiency
(Fig. 3a, b).

1000
nm

0 l

200 400 600

e e —

SR ST
800
Wavelength,

Fig. 2 The optical transmission spectral dependence of the ZnO layers
obtained at different substrate temperatures. T (°C): 1—250; 2—300;
3—350; 4—400; 5—450
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Table 1 Photovoltaic CF dmm)  JemAkm®) Uy (V)  FF% 1%  Rea®@
parameters of the structure
nCdS-pInP in dependence on the nCdS-pInP 0 18.33 0.73 64.75 8.56 5.2
antireflective layer thickness 60 27.21 0.74 63.35 12.74 3.67
120 25.36 0.74 61.51 11.54 433
180 26.11 0.72 4283 8.05 5.57
300 23.96 0.72 347 5.98 11.88
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Fig. 3 a Load characteristics of the nCdS-pInP structure in depen-
dence on the thickness d in nm of the ZnO antireflective layer (nm):
1—0; 2—60; 3—120; 4—180; 5—300. b Dependence of the
photovoltaic structure efficiency on the thickness d of the ZnO
antireflective layer

For these thicknesses of the antireflective layer, the
photovoltaic cell efficiency increases by approximately 3%.
At the thickness of antireflection layers higher than 100 nm,
the short circuit current decreases along with the decrease of
the filling factor FF (Fig. 4a). The decrease in short circuit
current density and the fill factor is largely due to

o

50 100 150 200 250 300
d, nm

Fig. 4 Dependence of the fill factor (a) and of the series resistance
(b) on the thickness of the antireflective layer

the increase in the structure series resistance (Fig. 4b).
The increase in series resistance of the photovoltaic structure
is related to the keeping of the photovoltaic structure at the
temperature of 250° repeatedly.

For fabrication of the nZnO-pInP photovoltaic structure
the nanometric ZnO layers having the thickness of 400 nm
were deposited at 450 °C on the pInP substrate with crys-
tallographic orientation (100) and charge carriers concen-
tration of 10'® cm™. The photosensitivity of the nZnO-pInP
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Fig. 5 Spectral dependence of nZnO-pInP structure photosensitivity

photovoltaic structure (Fig. 5) covers the wavelength region
of (400-1100) nm similar to the ITO-pInP structure sensi-
tivity values.

4 Conclusions

The nanometric ZnO layers were grown by spraying in the
temperature range (250-450) °C by using zinc acetate as the
precursor. In the range of wavelengths (300-1000) nm the
optical transmission of the fabricated layers has values (80—
85)%. The ZnO layers grown at temperatures of 250 and
300 °C do not considerably change the series resistance of
the structure. The efficiency of the nCdS-pInP photovoltaic
cell is increasing by 3% due to the using of the ZnO as
antireflective layer with a thickness of (60-100) nm. The Jgc
reduces monotonically with increased ZnO thickness
because of significant decrease in number of available
photons in space charge region. The best efficiency for
InP/CdS heterojunction solar cell was obtained for cell with
60 nm of ZnO.
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Abstract

Here we report about the synthesis of Bi,Te; based
flexible thermoelectric materials and the response of the
electrical resistivity to tensile and compressive stress. As
a template fiber spun polymers have been used onto
which a thin composite film of graphene and Bi,Te;
nanoplates was deposited. The Bi,Te; nanoplates were
synthesized using the polyol method. Upon straining the
material, the resistivity dropped which is attributed to the
increased contact between the individual wires.

Keywords

Biste; * Flexible thermoelectric materials
Composite materials * Polyol process ¢
Wet chemical method ¢ Polymer fibers

1 Introduction

Bismuth Telluride (Bi,Tes), belonging to the chalcogenide-
based thermoelectrics is well known for its high efficiency
with respect to room temperature applications [1-3]. To
obtain thermoelectric devices, conventional high tempera-
ture synthesis routes are used. Afterwards the material is ball
milled to obtain powders, which in a consecutive step are
sintered and compacted to obtain thermoelectric legs [4, 5].
Thus, the processing is technically costly and time con-
suming. An alternative synthesis route was found using wet
chemical approaches. With the polyol method [6], it was
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possible to grow nanoplates (nanoflakes) of various relevant
thermoelectric materials [7, 8] including Bi,Te; [9] at
moderate temperatures. The obtained materials can be dried
and sintered [10]. However, thermoelectric generators
(TEGs) using sintered Bi,Te; thermoelectric legs are brittle
which limits the applicability of these generators. In recent
years, flexible TEGs have been designed using e.g. Bi,Tes
suspensions, which were deposited on various types of
flexible substrate materials [11, 12]. These types of ther-
moelectric materials have also attracted attention as
self-powered pressure and temperature sensors [13].

In this contribution, we report about the synthesis of
Bi,Te; nanoplates and an infiltration method using these
nanoplates to obtain flexible thermoelectric materials. As a
template fiber spun polymers have been used. To enhance
the conductivity and facilitate sticking of the Bi,Te; nano-
plates, graphene has been introduced. Furthermore, the
response of the electrical resistivity to external stress and
strain was investigated.

2 Experimental

The synthesis of stoichiometric single crystalline Bi,Tes
nanoplates was carried out via a simple wet chemical polyol
method. The high-quality grade precursors used were pur-
chased from Sigma Aldrich. To achieve an ideal stoichio-
metric Bi:Te ratio of 2:3 chemicals are weighted to 485 mg
of Bi(NOj3) * SH,O (98%, Sigma Aldrich), 0.5 g of
polyvinylpyrolidone (PVP) (30 K, Roth), 415 mg K,TeO; *
H,O (97%, Alfa Aesar), 0.4 g NaOH (98%, Merck) and
50 ml of Ethyelene glycol (EG) (>99.5%, Roth). The salts as
well as the surfactants are dissolved in EG in a glass beaker
on a hot plate set at a temperature of 65 °C while slightly
stirring the mixture. The dissolved solution was then trans-
ferred via a long funnel into a three-neck round bottom flask
connected to a water-cooled reflux. The flask remained
closed during the entire synthesis with septum. The solution
was stirred at 450 rpm with a Teflon bar and slowly heated
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to allow the substance to mix homogenously. This procedure
further ensures proper nucleation of the seeds that later grow
to form the nanoplates. After a duration of roughly 10 min,
the solution reached the preset temperature of 180 °C and
turned to a black color. The nanoplates were allowed to
grow at 180 °C for 22 h. The solution was left to cool down
to room temperature. Apparently, small black precipitates
have formed. The isolation of the Bi,Te; precipitates was
achieved through centrifugation in acetone and isopropanol
to remove the core-shell-like structures of the residual PVP
as well as EG from the synthesis and then stored inside a
vial. The Bi,Te; nanoplates are dispersed in high purity
isopropanol to avoid the agglomeration of the nanoplates.

In order to obtain a macroscopic flexible thermoelectric
device, graphene-coated polymer composite fiber mesh was
adopted and infiltrated with the Bi,Te; nanoplates. The
infiltration of the fiber mesh consisting of Polycaprolactone
(PCL) template with Bi,Te; nanoplates was achieved by
dip-coating (soaking) simultaneously different fiber-meshes
in 5 ml solution of Bi,Te; and Isopropanol for 24 h as well
as 48 h under ambient conditions.

The morphology, shape and degree of infiltration of the
samples were investigated using a commercial field emission
scanning electron microscopy (FE-SEM), Sigma from Zeiss
Company, Germany.

Nanostructural investigation were performed using a
transmission electron microscope (TEM), FEI Tecnai F30
G? STwin equipped with an 300 kV field emission gun.

A custom-build setup was used to validate the electrical
response of each sample, which allows to apply stress and
strain to the sample while simultaneously measure the
resistivity changes. Therefore, a constant DC-voltage was
applied, and the electrical conductivity measured. According
to ohm's law the resistivity was calculated. Further, the
applied stress was measured with a load cell.

3 Results and Discussion

Nanoplates of Bi,Te; were synthesized by a reduction of a
stoichiometric mixture in EG in the presence of PVP. PVP is
very important due to its function as a capping agent as well
as a trigger for crystal growth, i.e., it facilitates a uniform
uniaxial growth [14—16]. More to this, PVP bonds to the
polar basal planes of the crystal structure of Bi,Te; and
suppresses the growth dynamic of the crystals in the c-axis
direction [16]. The thin PVP core-shell layer is determined to
be in the range of 2-5 nm and is mostly not completely
removed through centrifugation. A complete PVP removal is
detrimental and might be achieved at the expense of the
Bi,Te; nanoplate being partly etched during the process. The
transition between PVP-Bi,Te; nanoplate is not readily
determined.

To investigate the nanostructure of the Bi,Te; nanoplates
TEM was used. Figure 1 depicts representative nanoplates
of Bi,Tes. The different nanoplates extend over 3-5
micrometers, while their thickness is in the range of a few
nanometers. Further, large particles are often decorated with
smaller particles as also depicted in Fig. 1. The nanoplates
were crystalline and exhibit rotational disordering [14, 15],
thus the zone axis varies within a few nanometers and pro-
duces characteristic diffraction contrast (not shown here).
This observation might be the result of a screw dislocation
promoted growth [16].

Electron diffraction (ED) patterns in zone axis [001]
exhibited additional reflections (not shown here), which
indicates a lowering of the symmetry. Thus, it was con-
cluded that due to slight variation in the stoichiometry a
transition from R-3m to P-3m1 crystal structure is observed.

The HRTEM micrograph and corresponding Fourier
Transform (FFT) in Fig. 1 highlight rotational disorder
resulting in weak satellite reflections (marked in yellow) in
the FFT and pronounced Moiré contrast.

The chemical composition of the nanoplates was char-
acterized using energy dispersive X-ray spectroscopy
(EDX) in scanning TEM mode. It was observed, that the
stoichiometry slightly deviates from the ideal ratio of Bi:
Te = 2:3. In our system the ratio was found to be 1.8:3.2,
thus this deviation presumably might be attributed to
impurities in the system.

The obtained nanoplates were deposited on a
graphene-coated PCL fiber mesh. FESEM images (Fig. 2),
revealed a strong adhesion of the Bi,Te; nanoplates on the
coated fiber-meshes as seen in the long percolation network

Fig. 1 Bright field image, HRTEM micrograph and corresponding
FFT of a Bi,Te; flake in zone axis [-4-21]. In the FFT satellite
reflections are observed which can be attributed to rotational disorder

Fig. 2 FESEM micrographs of polymer fibers before and after coating
with Bi,Te; nanoplates
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formed. Thus, strongly bonded Bi,Te; nanoplates are part of
a closed composite film. Also, smaller ‘plate-like’ structures
are randomly dispersed on the surface of the fiber matrix.
Overall, we assume that the weak van-der-Waals forces
existing at different junctions and interfaces between Bi,Te;
nanoplates and the polymer fiber-mesh matrix is strongly
responsible for the good adhesion. However, when no
additional graphene was used the adhesion of Bi,Te;
nanoplates was significantly reduced, thus leading to only
low coverage of the fiber-mesh (not shown here).

Fig. 3 Change of current and
resistance in dependence of
mechanical loading. The upper
graph represents several loading
cycles while the lower graph
represents an enlarged section
highlighting the effect of
resistivity changes upon applying
tensile and compressive stress
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The mass weight as well as the dimensions of the gra-
phene coated fiber-mesh was measured before and after
dipping in Bi,Te; suspension. The density of nanoplates
deposited on the fiber-mesh matrix increases with the
dwelling time. Lowest electrical resistivity was found for the
samples with longest dwelling time.

The samples were folded, and tensile and compressive
stress applied. Simultaneously, the resistivity was measured.
A representative result of such measurement is depicted in
Fig. 3.
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Repeatedly compressive and tensile stress were applied to
the sample applying. It is observed that a decrease in resis-
tivity and, accordingly, an increase in electrical conductivity
is observed for both cases (as seen in Fig. 3). This effect can
be attributed to the re-orientation and increased overlapping
of different wires/nanoplates due to the stress which is
applied. With the tensile stress, it allows the coated nano-
platelets to create a junction through bonding of numerous
nanoplatelets contacting each other thereby, increasing
locally the conductivity whereas this effect is not strong or
perhaps predominates during compressive stress. The over-
lapping of the nanoplatelets is predominant and we assume,
the bonding of the nanoplatelets might not be too strong and
responsible for the light drop in the resistivity. Supposedly,
the tunneling barrier of the electron mobility is thus not
completely overwhelmed. Furthermore, a memory effect is
observed. With increasing number of load cycles, the
resistivity further decreases leading to a remnant change in
the resistivity in the unloaded state. The origin for this
behavior might be again the result of different
wires/nanoplates getting in contact irreversibly and forming
new junctions. Thus, with an increased number of loading
cycles an accumulation takes place, consequently leading to
a remnant change in resistivity.

4 Conclusions

In this paper, we have highlighted the polyol wet chemical
process as an effective simple chemical method to synthesize
high quality and good grade nanoplates of Bi,Te; that are
single crystalline. The obtained nanoplates exhibit areal
dimensions in the range of 3—5 um and have a thickness of a
few nanometers.

Furthermore, it was found that graphene coated PCL fiber
spun polymers act as an ideal substrate for the deposition of
Bi,Te; nanoplates forming a long-range percolation
network.

In the mechano-electrical transport measurement, tensile
and compressive stress lead to a decrease in resistivity while
after several cycles the material exhibited a remnant change
in electrical conductivity.

These results highlight the potential of flexible thermo-
electric materials to be used as pressure sensors while
simultaneously being able to implement a power source or a
temperature sensor.
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Abstract

Modification of the ELDRS (Enhanced Low Dose Rate
Sensitivity) conversion model is presented. The effect of
the oxide trapped charge on the value of the oxide electric
field and the yield of the oxide charge takes into account.
It leads to dependence of the accumulation of
radiation-induced oxide charge and interface traps on
the dose rate. In enhancement version the ELDRS
conversion model describes the low dose rate effect as
“true” dose rate effect.

Keywords
ELDRS ¢ Radiation hardness ¢ Conversion model ¢
Interface trap

1 Introduction

Bipolar devices demonstrate enhanced degradation during
low dose rate (LDR) irradiation in comparison with irradi-
ation at high dose rate (HDR) for the same total dose level
[1]. The prediction of enhanced low dose rate sensitivity
(ELDRS) effect in devices for long-term space mission using
high dose rate laboratory testing is complicated due to
ELDRS is “true” dose rate effect (TDRE) and not the
time-dependent effect (TDE) often observed in CMOS.
A true dose rate effect means that the degradation measured
at the end of a low dose rate irradiation is greater than the
degradation after irradiation at high dose rate followed by a
high temperature anneal. A time-dependent effect means that
the degradation at low dose rate and after high dose rate
irradiation followed by a high temperature anneal is
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essentially the same. For this reason test method “HDR
irradiation + high temperature anneal”, often used for
CMOS, cannot be used for bipolar devices. More often
testing of bipolar devices is based on 10 mrad (Si)/s or high
temperature irradiation [1].

In previous work [2] was shown that so-called the
ELDRS conversion model [3, 4] may be used for the
numerical estimation of device behavior during a hypothet-
ical space mission during a dose rate variation corresponding
to the 12-h orbit, an operation temperature variation from
268 K (=5 °C) to 328 K (+55 °C) and solar flare impact.
The advantage of the conversion model in comparison with
well-known models [1] connects with a possibility for
numerical estimation of radiation degradation during
long-term operation in space based on experimental extrac-
tion of the model fitting parameters during high dose rate
test.

The conversion model does not obtain the wide recog-
nition in world radiation community, may be for two rea-
sons. First, it is based on not well known “hydrogen” model
(H-model) of radiation-induced interface trap buildup [5, 6],
but based on the conversion hydrogen-electron model (H-e
model) [7, 8]. Second, according to the conversion model
ELDRS is time-dependent effect. If first circumstance does
not important, because our H-e model of the interface trap
buildup does not contradict the popular H-e model but only
expands it. The second circumstance has principal sense
since conflicts with the numerous experimental data.

The goal of this work removes the contradiction between
time-dependent nature of the ELDRS conversion model and
experimental data concerning to reduction of the degradation
after at high dose rate followed by a post irradiation anneal.
We try to show that ELDRS conversion model describes
“true” dose rate effect if the impact of the oxide charge on
charge yield takes into account, because the value of the
oxide charge depends on the dose rate.

In this work the hydrogen-electron model (H-e model) of
radiation-induced interface trap buildup and the ELDRS
conversion model are shortly described.
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2 Hydrogen-Electron Model (H-e Model)

“Hydrogen” (H-model) is based on the assumption about the
generation of hydrogen ions in the oxide bulk, which crakes
the surface bounds reaching the Si/SiO, interface [5, 6]. The
generation of interface traps can be attributed to the neu-
tralization of positive charge by the electrons from the
semiconductor substrate, i.e., the conversion of positive
charge to interface traps [7]. Recently [8] it is experimentally
was shown, that the most probable conversion mechanism
includes the action of the hydrogen complexes, as well as
substrate electrons. It is the hydrogen-electron model (H-e
model), where the conversion process is an inherent com-
ponent. The increasing of electron injection from substrate
leads to increasing interface trap concentration on several
times when hydrogen related spices in oxide is fixed.

In Fig. 1 the experimental dependencies of the threshold
voltage shift AV (caused by the interface-trap buildup)
versus the annealing time for different four tests are pre-
sented. A maximum change of AVj is observed in test 1
when both electrons and hydrogenous species are presented
near the surface. In other cases, when there are no hydrogen
species (test 3) or no electrons (test 2) or both near the
interface (test 4), shift AV; is essentially reduced. This
experimental data confirms the hypothesis that the presence
of hydrogen is sufficient for effective interface-trap
buildup. According to the H-e model the interface trap
buildup is connected with positive oxide trapped charge
conversion due to interaction with substrate electrons and
not with the action of hydrogen ions only. The H-e model is
not in conflict with the most popular hydrogen model [5, 6],
but it takes into account the contribution of substrate elec-
trons to interface trap buildup process [7].
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Fig. 1 The interface-trap component of the threshold voltage shift
AVit versus the annealing time in the hydrogen atmosphere (after Ref.
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3 ELDRS Conversion Model

In [3, 4] is supposed that interface trap buildup is connected
with a conversion of rechargeable part of trapped positive
charge located opposite the silicon forbidden gap [9]. Direct
substrate electron tunneling to positive centers, located
opposite the silicon forbidden gap, is impossible because the
tunneling electron energy must be constant (according to
basic principles of quantum mechanics). But tunneling to the
thermally activated positive centers is still possible. The
positive centers energy level can reach the silicon conduc-
tion band due to a thermally excited vibration of the lattice.
An interaction of thermally excited rechargeable positive
charge Q. and tunneling substrate electrons leads to inter-
face trap buildup.

The probability of thermal excitation of the oxide trap
energy level up to conduction band depends on the depth of
its location opposite the silicon forbidden gap. Than close
trap energy level to the middle of the forbidden gap than less
the probability of the conversion process. In time scale, the
shallow traps (near conduction level) are annealed first, after
that the annealing front spreads to more deep energy levels.

It is supposed as in [3, 4] there are two types of oxide
traps (Fig. 2): shallow traps with a short time of conversion
responsible for the degradation at high dose rates (HDR),
and deep traps that determine the excess base current at
greater times of irradiation or LDR. The duration of HDR
irradiation process is relatively short, that not enough to
convert all radiation-induced positive charge to interface
traps. Therefore at long-time LDR irradiation we can
observe the increasing of the degradation.

S10, S1

Ts
(Qm )S fv —_—
T Ni
(Qot), [~

Fig. 2 Shallow (Q,)s and deep (Q,)p traps in oxide with conversion
time 15 and 1p (after Ref. [4])



“True” Dose Rate Effect of the ELDRS Conversion Model

As was shown in [3, 4], the degradation of the base
current as a function of the dose rate (for irradiation time
essentially more than 1 s) can be written as [3, 4].

Al, = (Kp+Ks)-D+P-Kp - (e—D/P‘fD - 1) (1)

where K is the excess base current per unit dose at a high
dose rate; Kp is the excess base current per unit dose at a low
dose rate; P is a dose rate; tp is conversion time of the deep
traps; and D is a total dose.

The conversion of oxide charge to interface traps is a
thermally stimulated process. To consider the temperature
effect on the base current degradation, a dependence of the
deep traps conversion time on temperature is introduced.
The temperature dependence of time constant Tp can be
described by the Arrhenius law:

o(T) = oo exp (%) 2)

where T is the absolute temperature; E5 is the activation
energy of deep oxide trap thermal excitation; k is the
Boltzmann constant; Tp is a pre-exponential coefficient.
The model based on (1) and (2) has four effective fitting
parameters: Kg; Kp; E4 and 1pg.
The experimental extraction of effective parameters can
be performed by the following steps [10]:

1. The constant Kg is estimated as the ratio of base current
degradation to the specified total dose at high dose rate
irradiation.

2. The pre-exponential constant Tpy and activation energy
E, in (2) are derived from the data for two different
temperatures of elevated temperature post-irradiation
annealing.

3. The constant K, is estimated from elevated temperature
irradiation data. It is supposed that during elevated tem-
perature irradiation all deep traps are converted to inter-
face traps, as it is happened at low dose rate irradiation.

The extraction of four effective fitting parameters allows
describe the behavior of the radiation-induced excess base
current for arbitrary dose rate, total dose and temperature.
The successful using this technique was demonstrated in
[3, 4] for several types of ELDRS devices.

When reporting experiments on animals, authors should
be asked to indicate whether the institutional and national
guide for the care and use of laboratory animals was
followed.

63

4 Physical Mechanism of True and Time
Dependent Effect

We suppose that the accumulation and annealing of the
positive oxide trapped charge Q,, are described by the fol-
lowing equation:

dQUf — otP _ QOt

dt (9))

(3)

where Q,; is the oxide trapped charge; where K is a
coefficient characterizing the accumulation of trapped
charge; P is the dose rate; 1p is the conversion time of deep
traps.

First term in the right-hand side of (3) represents the
trapped charge accumulation in thick oxide by dispersion
transport of radiation-induced holes. Second term in the
right-hand side of (3) is responsible for the neutralization of
deep trap charge by electrons from substrate.

The interface trap buildup Nj, can be expressed as
follows:

dNi 10,
dt  q1p’

(4)

where q is the electronic charge.

The right-hand side of (4) represents the interface traps
buildup through the conversion of trapped charge by the
substrate electrons and radiation-induced electrons.

The relationship (1) follows from joint solution of (3) and
(4). The parameters K and Kp in (1) depend on the coeffi-
cients K,, characterizing the accumulation of the oxide
trapped charge for shallow and deep traps. For ELDRS
devices the main factor is an accumulation of the deep traps,
which determines parameter Kp.

The accumulation of the oxide trapped charge is the
strong function of an electric field in oxide. The effect of the
electric field consists at separation of radiation induced
electron-hole pairs and obstacle their initial recombination.
At small electric field the electron-hole pairs do not separate,
the recombination is great and the yield of the oxide trapped
charge is small. The thick screening oxide above the passive
transistor base region does not have any metallization, so the
value of the oxide electric field is small and depends on the
oxide trapped charge. Usually it is assumed that the initial
build-in electric field in bipolar thick oxide is positive and
equals several units of 10> V/ecm [11]. An accumulation of
the positive trapped charge in oxide near Si/SiO, interface
leads to reducing of the oxide electric field. Using Gauss
theorem, the value of reduction of the oxide electric field can
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be estimated as Q,/€sio,€0 (€sio, and € are the dielectric
permittivity of oxide and vacuum). The charge yield for low
and high dose rates is quite different. For LDR the value of
the positive trapped charge is relatively small due to its
conversion during long-time irradiation, as a result the
reduction of the oxide electric field small and the yield of the
oxide trapped charge is relatively large. Since the duration of
HDR irradiation is relatively short and time for the conver-
sion is small, the value of the positive trapped non converted
charge increases. It leads to decreasing of the oxide electric
field and reduction of the total of the oxide charge yield.
Therefore the reduction of the oxide electric field at LDR is
less than in case of HDR. It leads to increasing the value of
positive charge yield for LDR (more electric field relates less
initial recombination) and increasing the value of interface
traps due to converted the greater positive charge. The “true”
effect connects with the dependence of coefficient K, in (1)
from the dose rate due to the different oxide charge yield at
LDR and HDR irradiations. It means that the coefficient K,
in (1) is function of the dose rate. For this reason ELDRS is
“true” dose rate effect because the accumulation of oxide
charge and interface traps depends on the dose rate. Note
that the ELDRS conversion model in form (1) has
time-dependent nature for given dose rate.

The oxide charge yield is less for the high dose rate.
Therefore HDR irradiation leads to an accumulation of the
smaller oxide trapped charge in comparison with LDR
irradiation. An high temperature annealing after HDR irra-
diation leads to the accumulation of the smaller value of
interface traps due to conversion of the smaller positive
charge. It means that the degradation measured at the end of
a low dose rate irradiation is greater than the degradation
after irradiation at high dose rate followed by a high tem-
perature anneal (“true” dose rate effect).

The constant K, is proportional to the coefficient char-
acterizing the accumulation of trapped charge K,,. Accord-
ing to the extraction technique the value Kp is estimated
from elevated temperature irradiation data. As the main goal
of the ELDRS conversion model is a prediction of the
transistor parameter degradation for the extremely low dose
rate in the space environment, the elevated temperature
installs 100-120 °C when all radiation-induced deep oxide
charges are converted to interface traps. It means that the
ELDRS conversion model correct predicts the degradation
for the small dose rate. The degradation at the high dose rate
is estimated very easy during test laboratory experiment.
Therefore the error at the description of the radiation
degradation in the wide range of the dose rates using the
ELDRS conversion model takes place only in the middle
interval of the dose rates. But it has not any practical interest.

The correct description of the radiation degradation for
any dose rate demands the extraction of the constant K, for
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the each dose rate. It can be done using elevated temperature
irradiation in range 40-90 °C. The constants Kp, are esti-
mated from these experimental data correspond to not full
conversion of the oxide trapped charge and in a first order
describe the dependence K, at the dose rate P. Using in (1)
the value Kp as function of the dose rate P the ELDRS
conversion model really describes the ELDRS as “true” dose
rate effect.

5 Conclusions

The enhancement of early published ELDRS conversion
model for the estimation of the radiation degradation of
bipolar devices on the impact of low dose rate irradiation is
fulfilled. The ELDRS conversion model is based on the
hydrogen-electron model of radiation-induced interface trap
buildup and assumption that there are the shallow and deep
oxide trapped charges, which conversion are responsible for
the degradation at high and low dose rates irradiation. The
qualitative analysis is carried out concerning an effect of the
oxide electric field on the oxide trap charge yield. With
increasing the oxide charge the initial electric field reduces
and the charge yield reduces too. This process connects with
the value of the dose rate. The oxide charge yield is less for
the high dose rate. It leads to dependence of the coefficient
characterizing of the oxide deep trap accumulation on the
dose rate. Therefore the degradation after irradiation at high
dose rate followed by a high temperature anneal is less than
the degradation measured at the end of a low dose rate
irradiation. For this reason ELDRS is “true” dose rate effect
because the accumulation of interface traps depends on the
dose rate. The early published ELDRS conversion model
does not take into account this circumstance. But early
version of the ELDRS conversion model is correctly
described the degradation on the very low dose rate (real
space environment) because the extraction of model fitting
parameters corresponds to the low dose rate. The correct
description of the radiation degradation for the wide range of
the dose rates demands the extraction of the fitting constants
for the each dose rate what can be done using test elevated
temperature irradiation in the wide temperature range.
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Abstract

In the present communication we report a model that
describes the valence tautomeric transformation in a
crystal consisting of heterometallic [Cr-dhbg-Co] mole-
cules. The model takes into account the states arising
from two different configurations of the molecule,
namely, Cr’*-dhsq®-Co™ and Cr’*-dhsq®> -Co**, the
Heisenberg exchange interaction between the dhsq®~
ligand and the Cr’* ion as well as the cooperative
electron-deformational and dipole-dipole interactions.
The problem is solved in the mean field approximation.
The main peculiarities of the valence tautomeric trans-
formation are elucidated. It is demonstrated that the
electron transfer ligand-Co is accompanied not only by
the significant increase of the effective magnetic moment
but also by the appreciable change in the microscopic
polarization. The model provides quite a good description
of the experimental data on the temperature dependence
of the effective magnetic moment in the [(Cr(SS-cth))(Co
(RR-cth))(p-dhbq)](PF¢); compound.
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1 Introduction

One of the grand challenges of the present time is the
development of molecular electronic devices. To tackle this
problem chemists and physicists are working in this inter-
disciplinary field by addressing various new approaches.
With this aim in mind the scientists focus on molecules
exhibiting magnetic bistability since these systems are per-
spective for future applications in molecular electronics.
Recently different classes of bistable molecules that manifest
switching optical and magnetic proprieties under application
of various external stimuli (temperature, pressure, light irra-
diation, electric field etc.) have got special attention. It is well
documented that the most pronounced changes in the above
mentioned characteristics are demonstrated by systems with
labile electronic states such as spin crossover systems [1],
molecules and crystals manifesting charge transfer induced
spin transitions as well as valence tautomeric systems [2] etc.
The latter ones are very perspective from the point of view of
molecular electronics since in them the intramolecular elec-
tron transfer between the ligand and the metal ion is
accompanied by appreciable changes in the magnetic and
spectroscopic properties of a single molecule [3, 4]. Last time
these systems have got a great deal of attention, and a sig-
nificant development has been made in this area of research.
At the moment, valence tautomeric systems can be found as
mono-, di-, poly-nuclear complexes, chains, polymers etc.
[3-10]. Meanwhile, the theoretical studies examining the
valence tautomeric transformation are fewer as compared
with the experimental ones. The main points discussed in the
theoretical papers were the following ones. Firstly, early
works were based on explaining valence-tautomeric trans-
formation through thermodynamic calculations since the
theorists determined that valence tautomerism is an entropy
driven process [11-13]. A significant contribution to the
interpretation of the changes in the optical, electronic and
magnetic properties that accompany the valence tautomeric
interconversion is given through DFT calculations [14-16].
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The first microscopic model of valence tautomerism in a
single molecule and in a crystal containing these molecules
as a structural element has been suggested in [17]. The role
of vibronic and electric dc field effects in the valence tau-
tomeric transformation has been discussed in [18, 19]. Most
of the theoretical studies are based on mononuclear
Co-systems [14, 15, 17—19] and binuclear homometallic
systems [20, 21]. Among the papers dealing with valence
tautomerism those considering heterometallic binuclear
systems [16, 22] should be also mentioned.

Recently in paper [22] a new synthetic and crystal engi-
neering strategy has been applied to perform the selective
synthesis of the binuclear [(Cr(SS-cth))(Co(RR-cth))
(p-dhbq)](PFg)s ([CrCo]) complex which possesses a polar
crystal structure. In this compound the intramolecular elec-
tron transfer between the ligand and cobalt ion induces
pronounced changes in the polarizability and magnetic
characteristics. However, the paper [22] contains only
structural data and observed magnetic and spectroscopic
characteristics.

In order to understand the processes responsible for the
observed magnetic behavior in the heterometallic binuclear
[CrCo] system demonstrating valence tautomeric transfor-
mation [22] accompanied by polarization changes in the
present communication a theoretical model is suggested.

2 The Model

We examine a crystal consisting of molecules with each
[CrCo] molecule containing a chromium ion, a cobalt ion
and a ligand that bears an electron. The analysis of the
magnetic susceptibility data and optical spectra of the
compound [22] under examination shows that the ligand
dhsq®~ can transfer an electron to the Co ion. In this system
the cobalt ion can be in the diamagnetic state (Is-Co>*) or in
the paramagnetic ones (Is-Co>*, hs-Co**). The transfer of an
electron from the ligand to the cobalt ion changes the state of
the latter.

Further on we consider the following configurations of
the molecule:

L. Cr*—dhsq® —Is-Co™*
II. CP*—dhbg* —hs-Co>*

The configuration Cr**—dhbg* —Is-Co®" which is con-
nected with configuration I by the spin allowed electron
transfer is not included in consideration since the observed
absorption spectra and the 7 versus temperature plots [22]
show that the energy of this configuration is much higher
than that of configuration II and it does not manifest itself in
the magnetic characteristics. The fact that the intermediate
configuration lies higher than that containing the hs-Co®* ion
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was confirmed by the examination of the valence tautomeric
transformation in papers [17, 18].

In further consideration the following spin-coupling
scheme is applied:

SgL_ SSa +S; (1)
=S4+ S b
where S is the full spin of the system, S,; is the intermediate
spin of the system, and S, S, S, are the spins of the Cr-ion,
the Co-ion and the ligands (dhsq®~ or dhbg®"), respectively.
The spin value for the dhsq”~ ligand is ', while the ligand in
the dhbq®~ state is diamagnetic [22]. In the states of con-
figuration I, the values of the full spin S of the molecule are 1
and 2. In the case of configuration II, the full spin S of the
molecule acquires the values 0, 1, 2, 3.

The total Hamiltonian of the system of interacting
molecules looks as follows

H :He +H€t+vdda (2)

here H, is the Hamiltonian which includes the crystal field
acting on the Co-ion and the Heisenberg exchange interac-
tion —2jexSaS1 (ex—is the parameter of exchange interac-
tion). Since the electron transfer from the ligand to the cobalt
ion is accompanied by the deformation of the nearest cobalt
surrounding that leads to the deformation of the soft inter-
cluster space [17] in the crystal the cooperative
electron-deformational interaction arises. The Hamiltonian
of this interaction was deduced by the method suggested in
[17, 23] and looks as follows

J n _m
H st — — ﬁ ; T 7 (3)
J is the parameter characterizing the electron-

deformational interaction. The diagonal matrices t " are of
the dimension 56 X 56, possess the non-vanishing matrix
elements —1 and 1 which correspond to the states arising
from configurations I and II, respectively. These matrices
also take into account that the total degeneracy of states
belonging to configuration I is equal to 8, while that for
states of configuration II is 48. The indicated values 8 and 48
take into account that the states of configuration I are only
degenerate on the spin values S =1 and 2, while the
degeneracy of states of configuration II is determined not
only by the spins 0, 1, 2, 3, but also by the possibility to
place three unpaired electrons in the orbitals of the hs-Co**
ion in three different ways.
The last term in (2)

1
Vi = = 5 ) _K(n—md"d"

n,m
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represents the dipole-dipole interaction, where d" is the
matrix of the operator of the n-th molecule dipole moment.
This matrix is also diagonal and possesses the following
non-vanishing matrix elements: dy and —3d,, where dy = eR
is the dipole moment of the ligand in the states of configu-
ration I, while —3d, denotes the dipole moment of states
belonging to configuration II, in which the ligand is dia-
magnetic, while the Co®* ion bears 3 unpaired electrons.

The problem is further solved in the mean field approx-
imation in which the products "1™ and d"d" are replaced
by:

" =T+ 7T — T

- - 5
d”d’":dd”’—i—d”d—dz ( )
where the order parameters 7 and d represent the mean value
of the distortion and of the dipole moment, respectively, and
are determined by the equations:

(6)

where H is the Hamiltonian of the system in the mean field
approximation. The temperature behavior of the order
parameters 7 and d is determined by the competition of intra-
and intercluster interactions.

3 Results

The effective magnetic moment was calculated using the
following formula

i (Si)
>_8&iSi(Si+1) EXP(— %)

i (Si
Ei: i Exp (— %)

(7)

2 2,2
K = 85 Hp

where g; in (7) takes into account not only the spin degen-
eracy of the state with the energy ¢;, but also in the case of
configuration II three possible different arrangements of the
electrons placed in the lowest three orbitals of the hs-Co**
ion, ¢; are the eigenvalues of the total Hamiltonian in the
molecular field approximation.

In Fig. 1 the calculated temperature dependence of the
effective magnetic moment as a function of temperature
[eq. (7)] is presented together with the experimental values
for the [CrCo] system obtained in ref [22].
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Fig. 1 Temperature dependence of the effective magnetic moment for
the [CrCo] system. Circles represent the experimental data reported in
reference [22], and the solid line is the theoretical curve calculated with
the best fit parameters

Figure 1 shows a satisfactory agreement between the
observed and calculated effective magnetic moment values,
thus indicating that the presented model quite well describes
the spin transformation which takes place in the [CrCo]
compound. The agreement criterion is about 4%. The
obtained best fit parameters for A, j,,, Ldg and J are rea-
sonable and of the same order as the known parameters for
systems manifesting ligand-metal electron transfer [17]. As
to the value of the parameter of exchange interaction
ligand-metal it falls into the limits indicated in paper [24] for
such type interactions. The results obtained also show the
appreciable role of the dipole-dipole interaction which
suppresses

Jer = —92em™ A =1000cm™',J = 0.04cm ™", Ld}
300cm™!.

the ligand-metal electron transfer at temperatures up to
300 K and prevents the increase of the magnetic moment. In
fact when the dipole ordering is destroyed the effective
magnetic moment starts increasing that testifies that the
“extra” electron of the ligand is transferred to the metal ion.
The obtained characteristic energy of this interaction, Ld3 =
300cm™! is in quite good agreement with the temperature at
which this increase starts in the experiment.

4 Conclusions

In summary, we have analyzed the influence of different
intrinsic parameters on valence tautomeric transformations
in model crystals containing as a structural element Co-Cr
binuclear clusters. The following electronic processes and
interactions were considered: (i) intramolecular magnetic
exchange interactions; (ii) dipole-dipole interactions;
(ii1) intermolecular electron-deformational interactions. The
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proposed model provides a reasonable explanation of the
observed magnetic properties of the cluster Co-Cr.
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Abstract

Memristors are promising candidates for new memory
technologies and are capable to mimic neural networks.
The switching in memristive devices occurs typically in
few nanometer thin oxide layers. The direct observation of
the switching mechanism is crucial for better comprehen-
sion and improvements of memristors. Therefore, in situ
experiments are conducted in a transmission electron
microscope (TEM). However, electron beam irradiation
can lead to a chemical modification of the active layers.
Moreover, devices may show different performance due to
the details of processing parameters. Thus, it is essential to
characterize memristors electrically before microstructural
analysis. In this work a TEM compatible grid is developed,
which can be used for ex situ electrical probing and TEM
investigations. Different techniques for the production, like
shadowing and lithography are compared with their
advantages and drawbacks.

Keywords
Memristor © TEM ¢ Nanomaterials

1 Introduction

For the microstructural and chemical characterization of
nanoscopic electronic devices TEM is the most suitable
method. To prevent artefacts from the sample preparation it
is best to do the investigation on working devices that
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already follow the geometrical constrains of TEM. By this, it
is possible to check the device before and after the TEM
examination and proof that the observed features are part of
the working device and no artefacts.

In the past, in situ switching experiments on memristors
were conducted and highly cited works were published [1, 2].
However, our recent results have shown that the electron beam
has a strong influence on the electrical characteristics, e.g., the
beam can reversibly reduce memristive oxides [3] to form
locally conducting filamants of suboxides or even metals. The
re-oxidation is facilitated by the residual oxygen contami-
nating the TEM column. Moreover, the electron beam may
charge electrically isolated particles, thus introducing artefacts
in the electrical characterization. When scaling the production
of memristive devices a second motivation for ex situ elec-
trical characterization occurs. Recently, we demonstrated that
devices prepared on wafer-scale may have variable electrical
characteristics due to minute imperfections of the production
process [4]. Consequently, it should be established as golden
standard to characterize devices before and after TEM
preparation in order to identify the intrinsic microstructural
features establishing memristive switching.

The aim of this work is to fabricate a TEM grid which can
be used to do ex situ switching experiments. Therefore, two
separated electrodes are deposited on an electron-transparent
membrane as depicted in Fig. 1.

Here, bimetallic clusters in a dielectric matrix were inves-
tigated using the novel grid design (cf. Figure 1 on the right
site). In an electric field, the two metals in the clusters will
electrochemically dissolute at different field strengths [2].
Accordingly, a depletion of the bimetallic cluster is observed.
The decrease in content of the less noble metal stops when a
conducting path has grown. This mechanism can act as a
diffusive memristor when the conducting path is interrupted at
lower field strength due to surface energy minimization.

We demonstrate how such a memristor can be charac-
terized by ex situ TEM-experiments. In the first part the
necessary preparation of TEM-sample-grids is described
capable for ex situ electrical probing.
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nanoparticles in matrix

Fig. 1 Sketch of the structured electrodes on a TEM-grid

2 Preparation of Functional TEM-Grids

2.1 Materials and Possibilities

Inert and highly conductive electrodes are made of gold or
platinum. The commercial TEM substrates are made from
silicon with a 50 nm thick Si;N, membrane. Si;N,4 has the
advantages of being chemically inert, one of the best insu-
lators and thermally stable [5].

The separated electrodes can be fabricated in different
ways, however all procedures are complicated by the tiny
dimensions of the electrode’s gap. For example a shadow
mask during sputter-deposition can separate the deposited
thin film. A thin foil or the edge of a razorblade clamped
vertically above the sample-grid or a fiber can be used as
shadow mask. On the other hand the electrodes can be
structured by standard lithography techniques or more
sophisticated by E-beam-lithography. Latter is necessary to
fabricate electrodes with a distance below 1 pm what is
unambiguous for the examination of nanoparticles. Fur-
thermore, a Gas Injection Source can directly deposit sepa-
rated electrodes on a sample-grid.

2.2 Shadow Mask

The simplest and fastest approach is to shadow a part of the
sample-grid during the sputter-deposition by a mask. The
mask needs to be attached to the fragile membrane with a
drop of isopropanol. Furthermore, sputtering below the mask
happens in the case of round masks like fibers. This sput-
tering below the mask results in a continuous transition from
the compact gold film at the electrode sides via a percolating
nanoparticle film to a nanoparticle island film. The size of
the islands decreases continuously from 30 to 1 nm in
direction of the center of the gap (cf. Fig. 2). This observed
transition is probably the result of two phenomena: first the
decreasing thin film thickness below the mask and second

O. Gronenberg et al.

Fig. 2 Scanning Transmission
Electron (STEM) image of the
edge of an electrode prepared
with a glass fiber attached with
isopropanol

the island-growth-mode of gold on Si;N4 [6]. In addition
shadow-masks are quite thick (typically >0.5 um) and not
flexible in geometry. Accordingly, broad electrodes are
deposited.

2.3 Lithography

A more sophisticated approach to structure the gold electrodes
is lithography. Here, a resist is coated on the sample-grid
followed by UV-illumination through a structured mask and
development of the resist. By this, the resist is structured and
gold below or on top can be etched or lifted off. This approach
is much more time consuming and risky as a lot of working
steps are necessary in which the fragile membrane can break.
Furthermore, the grid can get contaminated by the resist or
other used chemicals, thus inhibiting dedicated TEM analysis.
The minimal feature-size is 1 um in the case of photolithog-
raphy. Using a focused electron beam in the case of
E-beam-lithography the minimal feature-size is below
100 nm. Despite this approach is very time consuming it
definetly provides advantages since no mask is necessary and
the structured pattern can be freely designed. Electrodes pro-
duced by photo- and E-beam-lithography are shown in Figs. 3
and 4, respectively.

5000 nm

Fig. 3 Optical (left) and STEM (right) image of a grid prepared by
photolithography and wet etching
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Fig. 4 SEM image of three electrodes structured with E-beam
lithography

Fig. 5 STEM image of the edge |
of an electrode prepared with a
glass fiber attached with isopropyl
alcohol

5000 nm

2.4 Gas Injection Source (GIS)

As another technique to deposit electrodes on the
sample-substrate a Gas Injection Source (GIS) was applied.
A focused Ga-ion beam or an electron-beam decomposes a Pt
precursor gas inside a vacuum chamber. By this, Pt is depos-
ited in the defined areas. This technique is again time con-
suming and expensive. However, the possible electrode
geometry is flexible and represents a one-step solution to
deposit separated electrodes on a substrate. Two disadvan-
tages deal with the minimum feature-size which is
around ~400 nm and the contamination of the electrodes
with mobile carbon species from the precursor. Figure 5
exemplifies two electrodes deposited with a GIS. Here, the
blurred edges of the electrodes can be seen which stems from
the gaseous precursor.

3 Example Measurement
3.1 Methods

Figure 6 shows an example measurement with a function-
alized sample substrate fabricated by E-beam-lithography.
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Fig.6 a and b STEM images of two electrodes prepared by
E-beam-lithography. Contrast and brightness was adjusted that both
the gold electrodes and the bimetallic clusters are visible. a Is the
pristine state where AgPt-clusters and a SiNy matrix is deposited on the
grid. And b is the same region after electrical probing which is shown
in graph (c)

12 nm AgPt-clusters were deposited with a Harberland-type
cluster-source and these clusters were embedded in a 10 nm
SiN, matrix in the same vacuum-chamber by reactive sput-
tering. This deposition chamber is described elsewhere [7].
Electrical probing was done with a Keithley 2400 Source-
Meter and needles on micro-positioners to contact the
electrodes.

3.2 Results and Discussion

Figure 6a shows a STEM micrograph of this output state.
Due to the Z-contrast the 50 nm-thick gold electrodes appear
brightest. To this electrodes cyclic voltammetry between
+3 V and —3 V was applied (cf. Fig. 5¢). In the first cycle
no current flows. However, in the second cycle at roughly
29 V the SiN, matrix starts to breakdown. The TEM
investigations after the electrical probing suggests that the
breakdown is preceded (or accompanied) by massive den-
dritic silver migration. The dendritic silver structures can be
clearly seen in Fig. 5b in light grey and the dielectric
breakdown as the dark V-shaped area between the electrodes
where the electric field was highest.
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EDX-measurements show that the silver-content in the
AgPt-clusters is drastically decreased after the electrical
probing, whereas, the dendrites mainly consists of silver.
This is an indirect proof that the silver in the AgPt-clusters is
electrochemically released by the electric field leaving
Pt-rich clusters behind.

The dielectric breakdown is likely to happen due to the
mechanical stress stemming from the migrating silver and
the Joule heating when a conducting path is grown. The
Joule heating can be minimized by using thicker electrodes
which act as bigger heat sinks.

4 Conclusions

We demonstrated that TEM sample substrates capable for ex
situ electrical probing can be fabricated in different ways.
With shadow masks during sputter-deposition a transition
develops at the edge of the electrodes where percolating
nanoparticles decrease in size to 1-nm-small nanoparticles.
Lithography is suited best to fabricate sharp electrode edges.
In ex situ measurements it was indirectly proven that
bimetallic clusters deplete in the less noble metal which
migrates in the electric field and builds up a conducting path.
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Abstract

The low-temperature transmission and wavelength mod-
ulated transmission spectra of TlGaSe, crystals with a
thickness of 7, 5.7, 4.7 um were measured. Refractive
index was calculated from interference observed in
transmission spectra. The spectral dependences of the
normal dispersion n, (E || a) and n, (E || B) and An = n,
(E || a)—n, (E || B) on the long-wavelength and
short-wave side of the ground states A, B and C of
excitons are determined.

Keywords
Chalcogenide * Optical spectroscopy * Refractive
index

1 Introduction

TlGaSe, crystals belong to the group of compounds of triple
thallium chalcogenides with a pronounced layered structure.
The TIGaSe, compound crystallizes in a monoclinic lattice
[1, 2]. One of the features of these crystals is the strong
anisotropy of physical characteristics, due to the specificity
of their crystal structure [1-3]. In these crystals, optical
spectra were studied in the region of the absorption edge, the
effect of temperature, pressure on optical spectra [3]. In this
paper, new data are obtained on the dispersion of the
refractive index in the region of exciton resonances in
T1GaSe; crystals.
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2 Experimental Methods

The low-temperature spectra of TlGaSe, crystals were mea-
sured on a double Raman spectrometer DFS-32 and SDL-1
with a linear dispersion of 5 A/mm and a relative aperture of
1:2. The detector was a photomultiplier operating in the
photon counting mode. Optical systems are fully automated
and provide data in the form of date files. The optical system
makes it possible to record data with a spectral slit width of
0.02 A (£0.01 meV). The interference spectra of transmission
and reflection are recorded with an accuracy of £0.2 meV. In
the measurements, we used T1GaSe, cleaved crystals of var-
ious thickness attached to the cold loop of a closed helium
cryostat LTS-22 C 330 optical cryogenic system.

3 Experimental Results and Discussion

According to the crystallographic data, the structure of
TIGaSe, is described by the space group C$y,. The primitive
cell contains eight formula units. The basic motif of the
structure is formed by tetrahedral polyhedra GasSe;n con-
sisting of four GaSe, tetrahedra. The structure of TlGaSe, is
referred to as pseudo tetragonal, since a=b = 10.31 A,
c=15.16 A, B =99.7° [1-3].

In the transmittance spectra of TlGaSe, crystals with a
thickness of 7 pm, modulated in a wavelength (AT/AL), in
the polarization E || aand E ” b at 10 K, interference spectra
are observed in the region of the ground states A of the
excitons, Fig. 1A. Interference lines in modulated spectra
thicken with increasing energy. This indicates an increase in
the refractive index in the energy range 1.9-2.15 eV,
because n = 1/2d (v, — vp), where v, = 1/A, and v, = 1/A,
and A, and Ay are the wavelengths of the radial maxima or
minima in the interference spectra. In the energy range
E > E (n =1, A excitons), the distance between the inter-
ference lines decreases with increasing energy, which also
indicates an increase in the refractive index. The refractive
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index in the range 2.2-2.3 eV tends to saturation and again
weakly increases in the region E > 2.3 eV. The change in
the character of the spectral dependence in this region is due
to the influence of the C exciton series.

Figure 1b shows the modulated transmittance spectra
(AT/AL) of TIGaSe; crystals 5.7 pum in thickness in the E || a
polarization at 10 K in the energy range E<E (n=1, B
exciton). In the spectra narrow interference lines are visible,
the distance between which decreases as the energy
approaches n = 1. In the energy range E>E (n=1, B
exciton), the interference bands also condense down to
2.4 eV. From these spectra, the spectral dependence of the
refractive index n is calculated. In the vicinity of the B
exciton series, the refractive index increases as the energy
approaches the resonance frequency of the exciton.
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Fig. 1 Wavelength modulated transmittance spectra (AT/AL) of
TIGaSe, crystals with a thickness of 7 um in E || a, E || b polarization
(a), crystals with thickness 5.7 um in E| a polarization (b) at
temperature of 10K and the spectral dependence of the refractive
index n

Figure 2a shows the transmittance spectra (T) of TlGaSe,
crystals 4.7 pm thick in E || b polarization at 10 K in the
energy range E < E (n = 1, C exciton). In the transmission
spectra, narrow interference lines are visible, the distance
between which varies in the range 4.5-5.5 A. In the
high-energy region of the ground state C of the exciton
series, narrow lines of interference enveloped by wider
bands (1-4) also appear in the AT/AL spectra, Fig. 2b. From
the interference spectra, the spectral dependence of the
refractive index n is determined and the value of An =n
(E ” a)—n (E || b) is determined, which varies within the
limits (0.4-0.6) 107, Fig. 2. The spectral dependences of
the refractive indices presented in Fig. 2 correspond to the
typical character of the normal dispersion in the region of the
exciton resonances A, B, and C.
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Fig. 2 a Transmission spectra (T) of TIGaSe, crystals with a thickness
of 47 pm in E " b polarization at a temperature of 10 K in the energy
range E < E (n =1, C-exciton) and the spectral dependence of the
refractive index n. b spectral dependence AT/AM of the refractive index
n for polarization Elb in the energy region E > E (n = 1, C-exciton) and
spectra An = n (E || a) —n (E || b)
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4 Conclusions

Spectra of transmission interference in the region 1.8—
2.56 eV are measured on thin TlGaSe; crystals. The spectral
dependences of the normal dispersion (n) on the
long-wavelength and short-wave side of the ground states A,
B and C of excitons are determined. The anisotropy of the
spectral dependence of the refractive indices na (E ” a) and
nb (E | b) and An=na (E|[a)—nb (E|b) in TiGaSe,
crystals is investigated.
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Abstract

Spectral dependences of transmittance (T) and wave-
length modulated transmittance (AT/AL) of As,S; layers
doped by manganese (Mn) of different concentrations (0—
0.5%) were investigated at temperatures from 10 to
300 K. Photoluminescence bands at 1.762, 2.107 and
2.282 eV due to transition 4A2g(4F) —> 4Eg(2G),
*T,(*G) — °A,(*F) and *T,, —> °A, of Mn ions,
respectively were observed at argon laser excitation. On
the luminescence spectra the absorption bands of electron
transitions 6A1g(4F) — 4T1g(4G) were recognized. The
magnitude of refractive index (n) of Mn (0.1 and 0.5%)
ions doped As,S; layers in low-energy range (1.6—
1.9 eV) does not change at temperature decreasing from
300 to 10 K. The spectral dependences of refractive
indices of As,S; samples doped with Mn ions of different
concentrations (0.1 and 0.5%) did not have any features.

Keywords

Chalcogenide glasses ¢ Optical spectroscopy ©
Manganese doping * Refractive index
Interference spectra

1 Introduction

Chalcogenide glass-like materials attracts an attention of
researchers and used as optoelectronics elements in the
systems of analytical remote IR spectroscopy and as well as
in telecommunications and nonlinear-optics [1]. The glasses
activated by transition metal manganese were investigated as
phosphors. Manganese ions incorporated in the glass matrix
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lead to the changes in optical properties and photolumines-
cence (PL) of material. The sell-to-shell emission of man-
ganese ions (especially divalent ion) has a practical interest
due to Mn?* ions are the most effective electroluminescent
impurity in glasses [1, 2].

The glass doping is an actual scientific problem with a
wide practical application. The doped glass matrixes are
available, are easy synthesized and have a relatively low
cost. The glasses allow doping with impurities of high
concentrations. The use of doped fluorescent glasses is not
limited to the field of quantum electronics, where they can be
used as elements of high-power lasers and various optical
devices, as scintillators and dosimeters. In the fiber optics
these glasses can be used as devices that allow optical sig-
nals manipulating in communication lines and as optical
information storage devices.

In the present work optical properties, edge absorption
(transmission), photoluminescence and spectral dependences
of refractive indices of glassy As,S; doped with manganese
ions were studied. The changing of above-mentioned prop-
erties were investigated at temperature range 300-10 K and
at different concentration of manganese impurity.

2 Experimental Methods

The bulk chalcogenide As,S; glasses were made from initial
elements of arsenic and sulfur (SN purity) by traditional
melting method with quenching. The adding of transition
metal impurity (Mn) into mixture of initial components was
used for receiving of doped crystals. The synthesis process
taken place in the quartz ampoules vacuumed to 10-4 to
10-5 Torr and deposed into the horizontal or vertical fur-
naces with vibrational and rotational mechanisms. Depend-
ing on glass composition the synthesis temperatures varied
from 700 to 1100 °C and the synthesis duration was from 24
to 70 h. After the synthesis the ampoule with liquid com-
pound was quickly cooled (hardening) in air, in cold water
or in liquid nitrogen. The nominal concentration of
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manganese ions was in the limits 0.01-0.5%. The color of
received glasses varied from yellow-red (for undoped As,S5)
to black (for As,S; glass doped with Mn). Thin films of
glasses with different thicknesses were made by vacuum
deposition on glass substrates.

Absorption (transmission) and wavelength modulated
transmission spectra were measured on MDR-2 spectrometer
with linear dispersion 7 A/mm and aperture 1:2. The low
temperature spectra were measured in LTS-22 C 330 optical
cryogenic system. Photoluminescence spectra were regis-
tered by double large-aperture spectrometer SDL-1 (aperture
1:2 and linear dispersion 7 A/mm). The input and output
slits of monochromators do not exceeded 70 pm i.e. the
measurements resolution was ~ 0.5 meV.

3 Experimental Results and Discussions

It is known that intracenter emission from the rare-earth ions
levels in materials (glasses), especially divalent manganese,
is of practical interest because manganese ions are the most
efficient electroluminescent impurity [3]. Especially suc-
cessful is the use of manganese ions with other rare-earth
elements. According Ref. [2] absorption bands of man-
ganese ions are observed at 393, 400 and 413 nm and it can
be attributed to next electron transitions °A;(°S) — “T»(*D),
°A,(°S) — “E(*G) and ®°A’(°S) — *T,(*G), respective. The
absorption of Mn?* ions in the region of 450—465 nm is
absent, therefore for luminescent properties; ions of other
rare-earth elements are introduced into the system, for
example, Eu®* with an absorption band at 465 nm
(’Fy — °D,). The excitation of such system by light of
wavelength range 450-465 nm is possible due to energy
transfer from europium level °D, to manganese level
“T,(*G). This indicates that there is an exchange of electrons
between the levels of different rare-earth ions.

Figure 1 illustrates the spectral dependences of trans-
mission of thin layers of undoped and doped by manganese
chalcogenide glasses As,S3 near the fundamental absorption.
The common property of edge absorption for all amorphous
semiconductors is presence of the Urbach tail associated
with localized states in the band gap. In chalcogenide glasses
at photon energy decreasing the Urbach region transfers to
the region of weak falling absorption or weak absorption tail
[4]. Impurities incorporation into glass matrix orders glass
structure in the region of valence and conduction bands
edges and this leads to a decrease in the area blurring and to
a shift of the edge absorption to the short-wavelength region.
The introduced impurities energy levels affect in the region
of high absorption coefficients.

The absorption coefficient changes in a wide interval
from 10 to 10* cm™'. A well pronounced interference in
transmission (T) spectra is observed for thin samples in
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Fig. 1 Transmission (T) spectra of As,S; glass layers of undoped
(d = 1.62 pm) and doped by Mn ions of different concentrations (0.1—
3.2 and 0.5-3.9 pm). Insert illustrates transmission interference spectra
of As,S; layer of 0.65 pm thickness with Mn 0.5% doping measured at
temperatures 300 and 10 K

infrared region of absorption edge beginning. Figure 1
shows transmission spectra of chalcogenide As,S; glasses
doped by manganese ions (0.1-0.5%) in the region of high
absorption coefficients. The high values of absorption were
received on the think vacuum deposed glass layers. In the
high absorption coefficients the impurity incorporation leads
to a shift of edge absorption toward lower energies. The
insert of Fig. 1 shows the transmission interference spectra
measured at 300 and 10 K for the same sample. These
spectra demonstrate that the distance between maximums
and minimums do not change at temperature changing from
300 to 10 K. The refractive index is calculated by equation
n=—"Y— where M =1 for neighboring maximums
(-4)

(minimums) with A; and A, wavelength [5]. Taking into
account that the interval between wavelength extremums
(maximums or minimums) and the film thickness are
unchanged with temperature, the refractive index does not
change with temperature. The absorption edge shifts toward
long-wavelength range with manganese concentration
growth.

Figure 2 shows the spectral dependences of undoped and
doped by manganese (0.1-0.5%) As,S; films. The calculated
refractive indices values are shown in Fig. 2 as points and its
positions are corresponded with position of maximums and
minimums. One can see this in the insert of Fig. 2. The
spectral dependences of refractive index grow more drasti-
cally at achieving the absorption edge i.e. with energy
increasing. The shifts of edge absorption (see Fig. 1) and
spectral dependence of refractive index (see Fig. 2) take
place with manganese concentration increasing. Simultane-
ously with manganese concentration growth the refractive
index increases from 2.35 to 2.6. A weak band at energies
1.5-1.6 eV is recognized in refractive index spectra of
samples doped with 0.5% manganese.
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Fig. 2 Spectral dependences of refractive index (n) of undoped and
doped by Mn of 0.1-0.5% concentrations As,S; glasses. Insert shows
the transmission spectrum of As,S3 film doped with 0.15% manganese
and calculated from this spectrum refractive index

With temperature decreasing the edge absorption spectra
are changes as one can see in the insert of Fig. 3. These
spectra were measured for thin layers of As,S; doped by
0.5% Mn. At low energies in these spectra the slope of the
absorption curves changes with temperature. The slope of
the curves becomes minimal at temperature 10 K. At ener-
gies E <23 eV the absorption curve is shifted toward
higher energies when temperature decreasing. The same
behavior takes place and for the spectral dependences of
refractive index. In the energy range E > 2.3 eV the
absorption graphs tend to energy of 2.5eV, Fig. 3.
Absorption magnitude in this region is formed by the elec-
tron transitions between manganese ions levels.

The maximum X2 observed at energy 2.61 eV is more
probably attributed to the absorption by electron transitions
from levels ®A;(S) —> “T;(G) of Mn>* ions (2.395 eV,
[6]). Transitions 4A2g(4F) —> 4T2g(4F) of Mn** ions
(2.413 eV [7]) are also observed in the same spectral range.
The maximum x3 (2.76 eV) is believed to be due to elec-
tronic transitions from the 6A1(S) — 4T2(G) Mn?* ions

Energy, eV
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38F 2
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= 30
36 2| . GETg
28} MM
1 1 1 1 1 1 1 1 1 L 1 1 1
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Energy, eV

Fig. 3 Spectral dependences of absorption coefficient (K) and of
refractive index (n) of As,S; glass doped with Mn of 0.5%
concentration measured at different temperatures
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Fig. 4 Transmission (T) and of wavelength modulated transmission
(AT/AN) spectra of As,S3 layers (d = 1.5 um, curve f) and nanolayers
(d = 350 nm, curve §) doped with Mn of 0.5% concentration measured
at 10 K

levels (2.799 eV, [6]) or “A,g(*F) — *T1,(°G) transitions
of Mn*" ions (2.761 eV [7]). According data of Ref. [8] the
most intensive absorption band of manganese with maxi-
mum around 405 nm (3.06 eV) is a superposition of bands
of the next energy transitions °A,(°S) —*T,(*D),
°A,(°S) —E(G) and °A,(°S) —?T»(*G). Observed
absorption band x4 (3.15 eV, Fig. 4) is more probably
associated with transitions °A;(°S) —*AE»(*D) of Mn**
ions (3.141 eV [3]). The maximum x5 at energy 3.31 eV is
due to the transitions 4A2g(4F ) —> 4T1g(4F ) Mn** ions
(3.308 eV) and x6 by transitions ‘A,g(*F) —> “T,;,(*F)
(3.498 eV) [7].

A broad luminescence band at 2.282 eV is observed in
As,S;3 layers doped by manganese ions of 0.2 and 0.5%
concentrations at excitation by 457.9 nm line of argon laser
(see Fig. 5). A weak maximum at 2.107 eV is observed at
long-wavelength side of the luminescence band. In the
photoluminescence spectra for both manganese concentra-
tions (0.2 and 0.5%) the dip is observed at energy 2.192 eV.
The intensive luminescence maximum at 2.282 eV is
attributed to electron transitions 4ng —> 04 1g Of Mn** ions

0.5%

PL, a.u.

6 =4

E ! . 1 : 1 N 1

2.0 2.2 24 2.6
Energy, eV

Fig. 5 Photoluminescence spectra of As,S; layers doped with Mn of
0.2 and 0.5% concentrations measured at temperature 10 K and excited
by 457.9 nm line of argon laser
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(2.225 eV, [3]). It is possible that this maximum is also
formed by electronic transitions 4T2g (*F) — 4A2g(4F) of
manganese Mn** ions (2.413 eV, [7]). The maximum at an
energy of 2.107 eV is most likely associated with the
4T1g — 6A1g transitions of manganese ions Mn?*
(2.225 eV, [7]). The dip in photoluminescence spectra (ab-
sorption band) at energy 2.192 eV is due to the absorption of
energy by electron transitions between levels °A g 4T1g.

4 Conclusions

When photons with an energy range of 2.65-2.89 eV (argon
laser lines) are absorbed, an excitation mechanism is real-
ized, the transition of electrons from ‘A Ig(4F ) to 4T2g(4G)
levels (Mn** ions) or from 4A2g(4F) to 4ng(“G) (Mn** ions).
Charge carriers migrate nonradiatively between ion levels.
The recombination of electrons from “T’ 2g(4G) to 4A2g(4F ) or
to °A Ig(4F ) levels appears as a luminescence band at
2.282 eV. At energies of 2.127 eV, a weaker luminescence
band associated with transitions 4T1g(4G) —> %4 Ig(4F ) is
observed. At energies of 2.192 eV, a narrow dip (absorption
band) is detected on the contour of a wide band of lumi-
nescence spectra. This feature is associated with an
absorption of emitted energy (photoluminescence) by elec-
tron transitions between levels A Ig(4F ) —> 4T1g(4G).
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T. Potlog, I. Lungu, S. Raevschi, V. Botnariuc,
S. Robu, S. Worasawat, and H. Mimura

Abstract

Al-doped ZnO thin films have been prepared by spray
pyrolysis, which facilitates the incorporation of a higher
percentage of dopant atoms. The vacuum thermally
annealed at 420 °C temperature thin films have been
characterized by X-ray diffraction (XRD), optical spec-
troscopy. Electrical conductivity and the Hall effect are
investigated in the temperature interval (77-300) K. X-ray
analysis results reveal that all the films are polycrystalline
with a hexagonal wurtzite structure with a preferential
orientation according to the direction (002) plane. Different
characters of the temperature dependence of conductibility
are observed in the Al-doped ZnO films vacuum thermally
annealed at 420 °C temperature. In all cases, the conduc-
tivity, mobility carriers and carriers’ concentration of ZnO
thin films obtained under Ar are higher than under O,
atmosphere, unless they are not doped. of your paper no
longer than 300 words.

Keywords
Spray pyrolysis ¢ Al-doped ZnO thin films ¢ XRD ¢
Conductivity * Carriers concentration

1 Introduction

ZnO as a wide-bandgap semiconductor of the II-VI semi-
conductor group, with a direct band-gap of 3.2 eV at
T =300 K [1] is an attractive material for chemical threat
detection, flame sensing, and ultraviolet environmental
monitoring [2-6]. For the design and realization of
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optoelectronic ZnO-based devices, one of the most signifi-
cant issues is doping, which involves the heavy doping with
trivalent elements (Al, Ga, In). Recently, the interest in study
of ZnO thin films has increased considerably, because of
their potential application for industrial application in pho-
tovoltaics. There are reviews on nanostructured photo elec-
trodes for dye-sensitized solar cells (DSSCs) [7-9] and the
use of III elements group-doped ZnO-based and ZnO
nanostructures as contacts, light-trapping structures and
anti-reflection coatings for well-established solar cell devices
based on Si or inorganic thin films [10-15]. ZnO films and
nanostructures have been used in OPV cells and photode-
tectors [16-21]. To the best of our knowledge, there is no
enough systematic research in understanding the electrical
properties of trivalent elements-doped ZnO thin films for
further improvements in the performance of the optoelec-
tronic devices. Therefore, in the present paper, we focus on
the study to investigate in detail the effects of Al doping on
the transport and optical properties of zinc oxide films.

2 Experimental Details

Al-doped ZnO thin films were deposited on glass substrates
by spray pyrolysis technique from solution of zinc acetate
(Zn(CH;5COO0),-2(H,0O)) with a concentration of 0.2 M
dissolved in acetic acid-methanol-water solution in the ratio
10:25:65. As the dopant source, aluminum nitrate was used.
The concentration of Al was varied between 1 and 5% in the
initial solution. A stable ZnO thin films were obtained by
thermal annealing in vacuum at 420 °C. The structure of the
films was investigated by X-ray diffraction (XRD) using a
Bruker-AXS D8 Advance diffractometer (CuK, radiation,
40 mA, 40 kV). The investigation of the -V characteristic
of the Au/ZnO indicates that the thermally evaporated gold
electrode is a good ohmic contact to the ZnO thin film,
which possesses n-type of conductivity. Electrical conduc-
tivity and Hall coefficient were measured by four-probe
method in the Van der Paw configuration. The
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measurements were performed under constant magnetic field
induction (0.24 T) and stabilized direct current. Each sample
was measured for three different values of current (S0pA—
2 mA). The transmittance and reflectance of the films were
measured with a V-7100 UV-VIS Jasco Spectrophotometer
in the wavelength range of 190-1200 nm.

3 Results and Discussion

(A) Structural Analysis

The XRD patterns from all Al-doped films are shown in
Fig. 1 The XRD results reveal in all cases the (002) orien-
tation with small (100) and (101) peaks regardless of the

nature of synthetized atmosphere. The XRD patterns for the
thermal annealed 1 at.% Al-and 2 at.% Al-doped ZnO thin
films synthetized in O, atmosphere reveal a very lowest
intensity peak situated at 20 = 32.95° that corresponds to
Al,O5 phase, oxidized from the Al in the ZnO films. The
values of 20 for the diffraction peaks are very close to that of
the standard ZnO crystal [22]. The structural parameters
show rather large variations by comparison with the values
observed on undoped zinc oxide films. In the same way the
full width at half maximum (FWHM) of (002) curves are
significantly larger than the ones measured on undoped
films, Al can be incorporated by substitution of Zn or in an
interstitial position in the wurtzite ZnO lattice.

The values of the grains sizes indicate a small difference
between them for all Al-doped ZnO films obtained in both
atmospheres and decrease with the increases of the Al

Fig. 1 The XRD patterns from
the vacuum annealed undoped
and Al-doped ZnO thin films in
0O, (a) and Ar (b) atmospheres
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concentration. The effects of incorporation of AI** ions on the
structure, of Al-doped ZnO transparent conductive films were
reported in [23, 24]. The shift of the (002) peak position
towards higher values of 20 compared to the peak position in
the undoped film is observed in both types of atmospheres.
Such shift to an increase in 20 arises due the fact that the ionic
radii of Zn** and AI** are 0.074 nm and 0.054 nm is different.
It is found, that the lattice spacing between the (002) planes
decreases with the increasing the Al concentration in the film.
It means that the trivalent Al ions occupy divalent Zn sites,
resulting in additional charge. Similar results have also been
reported by publications [25, 26].

B. Optical Study

In order to find the band gap, it is necessary to verify which
transmission mode is applicable to the films. For this pur-
pose, the relation is used:

ahv = Ay (hv — E,)"

where A is the absorption-edge width parameter, & is
Planck’s constant, E, is the optical direct band-gap energy, v
is the frequency of incident radiation, and the value of
n determines whether the transmission mode is allowed or
forbidden. It is found that the values of n are about 0.54 for
all samples. An ideal value is 0.5, which is referred to as the
direct and allowed transition. Thus, the band-gap values
were estimated using the (xhv )2 versus (hv) plots by
extrapolating the linear part of the absorption edge to the
intersection with the energy axis as shown in Fig. 2a, b.
article title for References

The values of band gap are presented in Table 1. As one
can see, for the films grown in O, atmosphere, the bandgap
value decreases with increasing Al concentration. A decrease
in the bandgap from 3.32 eV for undoped to 3.29 eV for 3%
Al-doped ZnO thin films obtained in O, atmosphere was
observed. This variation may be due to the structural defects
arisen at the time of film preparation, which could give rise
to the allowed states near the conduction band in the energy
bandgap. Another tendency is observed for films grown in
Ar atmosphere. The value of band gap does not change with
increasing the Al concentration in ZnO thin film.

C. Electrical Properties

Electrical conductivity and Hall coefficient were measured
by four-probe method in the Van der Paw configuration. The
measured values of the specific electrical resistivity, con-
ductance, mobility and charge carrier concentration (at
295 K) for the all Al-doped ZnO thin films are summarized
in Table 1. The average Hall mobility of undoped ZnO at
room temperatures is smaller in comparison with Al-doped
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Fig. 2 Dependencies of (t)th\/)2 versus hv of the vacuum annealed
undoped and Al-doped ZnO thin films in O, (a) and Ar (b) atmospheres

Table 1 Band gap values of Al-doped and vacuum thermal annealed
ZnO thin films

Samples Eg, eV d £ 0.5, nm
ZnO_Al_2%_Ar 3.32 302
ZnO_Al_3%_Ar 3.32 300
ZnO_Al_5%_Ar 3.31 298
ZnO_Al_1%_Ar 3.32 298
ZnO_Al_1%_0, 3.31 301
ZnO_Al_2%_0, 3.30 304
ZnO_Al_3%_0, 3.29 305
ZnO_Al_5%_0, 3.31 298
ZnO_O, undoped 3.32 298

films and is very close to the values already reported in the
literature by Major et al. [27]. For example, the electron
mobility increased from ~2.6 cm*V's™! for the undoped
ZnO films obtained in O, atmosphere to ~5.7 cm*V~'s™!
for the ZnO films doped with ~3. 0% Al (see Table 2). This
increase in the mobility could be attributed to the suppres-
sion of the electron scattering due to the grain boundaries
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Table 2 Electrical parameters of Al-doped ZnO films annealed in O, and Ar atmospheres

ZnO p, Q cm o, (Q cm)7l
3%Al_0O, 0.0013 753
Undoped_O, 0.01 91
1%A1_O, 0.006 159
2%A1_0O, 0.002 482
5%A1_0O, 0.005 197
3%Al_Ar 0.025 222
2%Al_Ar 0.001 842.85
5%Al_Ar 0.002 581.72
1%A1_Ar 0.0007 1316
Undoped_Ar 0.181 5.504
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Fig. 3 The electrical conductivity as a function of the temperature of
1% Al-doped ZnO in O, and Ar atmospheres

present in the Al-doped ZnO thin films. The temperature
dependence of conductivity (Fig. 3) of vacuum annealed 1%
Al-doped ZnO films prepared in O, and Ar atmospheres in
the temperature range from 300 to 77 K was studied and
show the same behavior. The Arrhenius equation expresses
the dependence of the rate constant over a wide range of
temperatures in terms of only two parameters where g, is the
pre exponential factor; AE, is the experimental activation
energy by the following formula

o = apexp(—AE,/2«T)

From the slope of plots of In (o) versus 1/T for the 1%
Al-doped ZnO synthetized in Ar the activation energy (AE,)
equals for the 1st, 2nd and 3rd regions with 14.4, 4.9 and
1.035 meV, respectively.

Table 2 Electrical parameters of Al-doped ZnO films
annealed in O, and Ar atmospheres equals for the 1st, 2nd

nx 102! ecm™ W, cm?/V s
8.25 5.72
2.48 2.58
2.70 3.93
3.24 5.44
3.76 327
4.79 2.79
1.01 5.21
2.8 1.45
1.25 6.58
0.11 3.33

and 3rd regions with 14.4, 49 and 1.035 meV, respec-
tively. For the 1% Al-doped synthetized in O, for the 1st,
2nd and 3rd regions AE, = 12.17 meV, AE, = 4.23 meV
and AE, = 0.85 meV. From the Arrhenius plots from
Fig. 3 AE, values show the lowering of the activation
energy with decreasing the temperature. So the temperature
dependence of o is decided by the temperature depen-
dences of p as well as that of n. Since ZnO thin films have
electron concentration higher than ~1 x 10" cm™ this
indicate that the films are degenerate semiconductors. In
general, the electrical conductivity of ZnO thin films
increase with thermally annealing. The electrical conduc-
tivity of thin films is affected by the tunneling of the charge
carriers through the barriers of the grain boundary and
recrystallization of grains during the annealing treatment.
The grain boundary model can be considered to explain the
electrical conduction and charge transport in polycrystalline
thin films, since this model is based on the flow of the
majority and minority charge carriers, which might be
either perpendicular or parallel to the grain boundaries [28].
In the first case, for flowing the current across a grain
boundary, the transport of majority carriers has been slo-
wed down by the potential barriers, the majority carrier
mobility has been limited, whilst the minority carriers have
been driven by the potential barriers towards recombination
centers at the grain boundary, diminution the minority
carrier diffusion lifetime and length. The size of these
effects depends on many parameters; the density of inter-
face states, the photogenerated carrier density, and the
doping. While for the parallel case, the minority carriers
will be affected by grain boundaries that lie parallel to the
direction of current flow. In other wise, the majority car-
riers transporting parallel to the grain boundary are not
affected (no barrier), but the minority carriers are continue
trapped in the potential barrier and recombine [29].



Electrical Properties of Thermal Annealed in Vacuum Spray ...
4 Conclusions

Al-doped ZnO films synthetized by spray pyrolysis and
thermally annealed in vacuum due to their good structural
and electrical properties are promising candidates for use as
transparent electrodes in solar cells. The output of this study
displayed that the annealing temperature 420 °C in vacuum
is the optimum condition for getting thin film with optimum
characteristics, which can be suitable for the technology
concerned. Based on the characterizations accomplished in
this study result that the best conductor with a minimum
resistivity of 7.5 x 10 “4Q cm, was obtained for 1.0 at.%
of Al-doped ZnO thin film synthetized in Ar atmosphere.
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Abstract

GaN layers on Silicon with ZnO intermediate layer were
synthesized by using the HVPE (Hydride Vapor Phase
Epitaxy) method. ZnO layers were deposited from
solutions of zinc compounds in ethanol or water in two
steps. At the first step a ZnO nucleation layer was
deposited from a solution of zinc acetate in ethanol, at the
second step a ZnO precipitate was deposited from a
solution of zinc nitrate and KOH in water by boiling. On
the obtained structures the GaN nucleation layers were
deposited at 500 °C for 15 min, then GaN layers were
grown at 850-970 °C for 30 & 5 min. Structures were
studied by using the optical and SEM microscope and
XRD method. The type of conductivity of the layers was
determined by using the method of thermal electromotive
force measurement (TEFM). The possibility of the
electrical conductivity (EC) type changing from n- to
p-type for the GaN layers deposited on silicon substrates
with the use of intermediate ZnO layer deposited from
solutions is demonstrated for the first time.

Keywords
GaN ¢ ZnO * Si * HVPE ¢ Termal electromotive
force * Solution

1 Introduction

The development of the physical principles of fabrication of
structures and devices based on III-N compounds is a current
problem of modern electronics. The enhancement of the
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device characteristics can be achieved by developing new
methods of p-type materials fabrication, by improving the
heteroepitaxial layers crystalline structure. Usually, at the
p-GaN layers fabrication the vapors of II group elements
(Mg, Zn, ...) (or metalorganic compounds) are introduced
into the gaseous transport streams. The Mg is more prefer-
able as the dopant, however, at high temperatures the given
element reacts with the quartz, it can change the composition
of the synthesis medium of the layers.

GaN epitaxial layers grown on Si (111) with nano metric
AIN, AlGaN intermediate layers, obtained by the HVPE
method, have an electron concentration of ~ 10" ¢cm™>. The
zinc doping from the vapor phase during the process of their
fabrication changes the mechanisms of nucleation and
growth. If the partial pressure of the zinc vapors in the gas
stream exceeds 0.6 Torr the grown layers become poly-
crystalline, non-epitaxial, the surface morphology of the
layers changes, the polarity of the EC on the surface
becomes non-homogeneous.

Zinc oxide has several advantages and perspectives to be
used as a buffer layer to obtain perfect GaN layers on silicon:
firstly it is compatible with gallium nitride by crystalline
structure, good crystalline lattice matching, close values of
the thermal dilatation coefficient [1]; it is decomposing at
high temperatures as a result zinc is becoming a potential
p-type dopant in the later deposited GaN layer. Various
methods are applied in the synthesis of ZnO layers:
MOCVD, MOVPE, spray pyrolysis, pulsed laser evapora-
tion [2, 3], etc. There are also quite effective methods of
depositing ZnO layers of zinc compounds in solutions [4-6].

The purpose of the paper is to obtain layers of p-GaN on
silicon substrates using the ZnO intermediate layers depos-
ited from solutions of zinc compounds. The type of con-
ductivity of the structures was determined by the method of
the TEFM with a thermostatic probe.
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2 Experiment

The deposition of ZnO layers on Si was carried out in two steps.
In the first step, nucleation layers were deposited using a solution
of hydrated zinc acetate, Zn (CH3COO) - 2H,0O (AcZn) in
ethanol at a concentration of 0.6 M. The silicon substrates,
directly after treatment, were installed in Petrie cup with the
deposition surface on the top and covered with the AcZn-ethanol
(96%) solution. Further they were left at room temperature until
the liquid was evaporated, then were heat treated in air at 500 °C
for 2 h. Atthe second stage, massive ZnO precipitates from zinc
nitrate hexahydrate solutions, Zn (NOj3), - 6H,O and KOH in
distilled water were deposited on the obtained structures
according to the method developed in [2].

GaN layers were synthesized on ZnO/Si structures by the
two-step HVPE method. At the first stage, the GaN nucle-
ation layer was synthesized at 500 °C for 15 min and at the
second stage GaN layer was grown at the substrate tem-
perature of 850-970 °C for 30 & 5 min. The pressure in the
horizontal quartz reactor was higher than the atmospheric
pressure by 70 mbar. Hydrogen purified by a palladium filter

Cu
Tcl Tc3
1 3

Constantan

Tc2

Fig. 1 The scheme of the device used to determine the EC type of the
samples

Table 1 TEFM of samples

# Sample o2, WV/°C 0y, LV/°C
1 n-Si (100), 4.5 Q cm =790 =790
1z ZnO/Si (100) —440 -260
1g GaN/ZnO/Si (100) +190 +396
2 p-Si (111), 0.1 Q cm +458 +458
2z ZnO/Si (111) +470 +370
2¢g GaN/ZnO/Si (111) +128 +308
51 GaN/AlGaN/AIN/Si (111) -115 -117

wega CTewcan
uTH

MMAG 130
xow

Fig. 2 The surface morphology of ZnO layers deposited on Si
(111) (a, b), and Si (100) (c, d) studied with the optical microscope
(a, ¢) and SEM (b, d)
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was used as the transport gas. Ammonia, hydrogen chloride
and gallium (5 N) were used as reagents. The consummation
of hydrogen chloride was 0.02 slpm. The total hydrogen
consumption was of 3.6 slpm and the ammonia consumption
of 0.6 slpm. The thermal profile in the reactor was provided
by a resistive electric heater. The Ga source temperature was
constant of 850 °C. Si (111) and Si (100) wafers were used.

The determination of sample EC type was made by using the
method of the TEMF measurements. The measurements were
carried out by using of three thermocouples Cu-Constantan. The
thermocouple (Tc) 2 was welded to the cold copper block. The
temperature of the hot copper probe was measured with the
thermocouple (Tc) 1. The surface signal was measured by using
the probe 3 with the thermocouple (Tc) 3 as it is shown in Fig. 1.
The temperature difference at the measurements was 10-15 °C.
Measurements were carried out at room temperature.

The study of surface morphology was investigated by
using the MMM 500 optical microscope and electronic
VEGA TS 5130, SEM (Scanning Electron Microscope).
XRD and GI-XRD studies were carried out by use of
EMPYREAN diffractometer (Cugy,).

3 Results and Discussion

The images of the surface morphology of ZnO layers
deposited on silicon are shown in Fig. 2. The morphology of
the layers is determined by the silicon crystallographic plane
on which ZnO layers are deposited. Structures of the
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equilateral triangles which are evidence of plane (111),
Fig. 2a, b are, probably, etching pits, occurring at the second
stage of ZnO precipitate deposition in hot KOH solutions.
ZnO layer is very thin, it is difficult to detect it from XRD
measurement (Fig. 3). On the Si plane (100), Fig. 2c, d, a
thicker ZnO precipitate was deposited. A homogeneous
structure of hexagonal symmetry granules of different
heights whose axis of symmetry is perpendicular to the
surface of the substrate is obvious. SEM images of GaN
layers grown on ZnO/Si structures are given in Fig. 4a, b.

The morphology of the layers also changes essentially
depending on the crystallographic plane of the substrates. On
the ZnO/Si (111) structures, the GaN layers exhibit a rather
uniform, evenly contoured dispersed particle assembly. On
the ZnO/Si structures (100), Fig. 4b, the GaN layer presents
a non-coherent triangular peaks. The inclined hexagonal
columns also appear.

The results of the TEMF measurements of the substrates
as well as the ZnO/Si, GaN/ZnO/Si structures are presented
in the Table 1. Measurements of o, are carried out by using
the hot probe 1 and o, by using the hot probe 2. The initial
Si substrates (100) have the n-type EC, the Si (111)-p-type.
Their electrical resistivity values are shown in the Table.
When depositing ZnO layers, the EC of the structures does
not change the polarity, the TEMF values decrease, which
can be attributed to the thermal annealing of the structures at
500 °C. The most pronounced conversion effect of the
conductivity type occurs for GaN layers grown on ZnO/Si
(100) structures. The p-GaN layers are also obtained on

Fig. 3 XRD diffraction pattern: (a)
a ZnO/Si, b GaN/ZnO/Si . 254 o
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ZnO/Si (111) structures. Their TEMF values are lower that
shows that the concentration of the holes in them is higher or
the degree of EC compensation is lower. The conversion of
the conductivity type also takes place in the GaN layers
deposited at 850, 950, 970 °C. In the GaN/Si (100) layers
grown at 950 and 970 °C the o3 values are +287 and
+510 pV/°C. For the GaN layers deposited on Si (111) un-
der the same conditions the o3 values are lower. For com-

" DET: S£ Oetoctor
DATE 041319

MAG: 5 64 ko
200w

5EM
=V

Fig. 4 SEM images of the surface of GaN layers synthesized on
ZnO/Si (111) (a) and ZnO/Si (100) (b) structures

parison, we also present the results of the research of a GaN
layer grown on Si (111) substrates with AIGaN/AIN inter-
mediate layers. The EC of this layer is n-type.

X-ray diffraction analysis has confirmed the formation
ZnO and the GaN layers and one can observe in Fig. 3. The
representative SEM pictures of GaN layers on Si and ZnO/Si
are depicted in (Fig. 4).

4 Conclusion

ZnO layers on silicon substrates with n- and p-type EC were
synthesized on the crystallographic planes (100) and
(111) from of solution. It was established that ZnO precip-
itation adherence is more effective on the planes (100). On
the obtained structures, GaN layers were grown by the
HVPE method. The possibility of obtaining of p-GaN layers
on silicon by using ZnO intermediate buffer layers deposited
from solutions was shown.

Acknowledgements The authors acknowledge the support from
Ministry of Education, Culture and Research of Moldova under the
grant 15.817.02.34A. The authors would like to thank colleagues from
CaRISMA (Regional Scientific and Educational Centre on Advanced
Materials) of Moldova State University for carrying out X-Ray
Diffraction analysis.

Conflict of Interest The authors declare that they have no conflict of

interest.

References

1. Hanada, T.: Basic properties of ZnO, GaN, and related materials. In:
Yao, T. (ed.) Oxide and Nitride Semiconductors. Advances in
Materials Research (2009)

2. Umit, O., Daniel, H., Hadis, M.: ZnO devices and applications: a
review of current status and future prospects. Proc IEEE (2010)

3. Kumari, N., Sanjaykumar, R., et. al.: Optical and structural
properties of ZnO thin films prepared by spray pyrolysis for
enhanced efficiency perovskite solar cell application. Opt. Quantum
Electron. 50(4), 180 (2018)

4. IlnaxoBa, T.B., bapanos, A.H., et al.: BiusHue TekcTypHpOBaHHBIX
3aTpaBOK Ha MOP(QOIOTHI0O W ONTHYECKHE CBOWCTBA MAaCCHBOB
HaHocTepkHeH ZnO CHHTE3MPOBAHHBIX M3 PACTBOpA U Ta30BOM
(aspl. Heopranuyeckue matepuanst 48(5), 549-556 (2012)

5. Ghorbani, H.R., Mehr, F.P., et al.: Synthesis of ZnO nanoparticles
by precipitation method. Orient J. Chem. 31(2) (2015)

6. Hukonaera, H.C., lBanog, B.B., et al.: CuHTe3 BBICOKOIUCTIEPCHBIX
bopM OKCHIAa LHMHKA: XUMHYECKOE OCAKIACHHE U TEepPMOJIH3.
J. Siberian Fed. Univ. Chem. 2, 153-173 (2010)



K. Saleem, U. Schirmann, S. Hansen, H. Cavers, R. Adelung,

and L. Kienle

Abstract
The volumetric changes and the structural deterioration in
Silicon anodes during successive electrochemical

lithiation/delithiation cycles limits the utilization of
Silicon (Si) anodes in Lithium-based batteries. However,
using morphologically modified Si and suitable conduct-
ing additives can ensure better electrochemical perfor-
mance and structural stability even after repeated
electrochemical cycles. This research is aimed at com-
paring the electrochemical performance and solid elec-
trolyte interface (SEI) of different Si anode geometries i.e.
powdered Si and Si microwires after cycling. The SEI is
analyzed using Transmission Electron Microscope
(TEM) methods after cycling in the electrochemical half
cell. Si microwires show relatively superior electrochem-
ical performance compared to the powdered Si.

Keywords
TEM e Voltammetry ¢ Battery materials ¢
Powdered Si ¢ Si microwires

1 Introduction

Lithium based batteries have been investigated around the
globe because of their high energy density and lightweight.
Graphite is a conventionally used anode material in the lithium
ion batteries with approximately 340 mAhg ' theoretical
capacity. With the capacities more than 13 folds higher com-
pared to carbon anode materials, Silicon (Si) could replace
carbon as an anode material in battery applications [1, 2].
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However, the utility of the Si is hindered by the mechanical
failures due to large volumetric changes during early charging
and dis-charging cycles [3, 4]. Moreover, the development of
thin and stable Solid Electrolyte Interface (SEI) that protects the
Si anode without hindering the Li-ion diffusion is also a chal-
lenge [5]. A fundamental understanding about the structural
evolution in the Si anode materials during cycling is necessary
to provide strategies to eliminate the anode failures and
accompanied capacity fading for higher number of cycles [6].
Moreover, using appropriate binding materials to improve
conductivity and suitable electrolyte can help achieve longer
battery life while retaining high charge storage capacity [5, 7].
For the measurement of the electrochemical performance,
cyclic voltammetry is a standard analytical tool to measure
phase transformations [8]. The peaks appearing during the
lithiation and delithiation cycles in the current-voltage
(CV) curves are closely related to the structural and composi-
tional changes occurring during the electrochemical cycles.
During the cycling, the salt present in the electrolyte dissociates
and reacts with the components and forms an interfacial layer
composed of reduced products. The compounds of lithium i.e.
Li,0O, Li,COs, LiF and polymer phases generally contribute in
the Solid Electrolyte Interface (SEI) composition [9]. More-
over, due to lower viscosity and a higher dielectric constant, the
salt dissociation and ionic diffusion rates are higher in EC based
electrolytes compared to PC based electrolytes. Although a lot
of research is being conducted presently, the formation of the
SEI and its composition are not well understood both by
experimental and theoretical viewpoint [10].

This paper deals with the electro-chemical characteriza-
tion and TEM analysis of the powdered Si and Si microwire
anodes and draws a brief comparison of their SEI compo-
sition and cycling performance. The study highlights the
importance of the morphology of the Si anodes which
determines the optimal charging/discharging conditions of
the anodes. The TEM analysis was conducted to examine the
distribution of elements and give an estimate about the
thickness of the SEI layer in both type of anodes after
cycling.
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2 Materials and Method

Powdered Si—In order to test the lithiation/delithiation
performance of the powdered Si, paste electrodes were
fabricated. The diameter of the spherical Si particles was
around 70-80 um. A mixture of Powdered Si, conductive
carbon black (CB), carboxymethylcellulose (CMC) and
water was pasted onto a copper foil current collector. The
produced paste electrodes were then dried in the vacuum at
around 70 °C for 5 h.

Si microwires—The Silicon wires are produced during
electrochemical processes after various pre-structuring pro-
cesses. Macropore etching allows a very defined geometry of
the individual pore morphology. Subsequent chemical
over-etching in a KOH solution results in the wires of 1 pm
thickness and 60 um length [11].

To be able to compare between powdered and microwire
structures, the Si microwires were also embedded in a paste
with CB and CMC. All of the CV curves are normalized to
the amount of Si in order to compare the results efficiently.

The electrochemical characterization was performed in
half cells which were prepared using metallic Li as counter
electrode with an ether-based electrolyte composed of 0.7 M
LiTFSi in 1,3 diesoline, dimethylether in a volume ratio of
1:2 with the addition of LiNOj;. This is a typical additive to
support the self-oxidation mechanism of the LiTFSi salt at
the lithium metal surface [12]. A potential scan was applied
reversibly between 1 V and 20 mV at a scan rate of
0.1 mVs ! for 5 cycles. The scan rate, electrochemical
cycles, electrolyte and conductive additive were kept con-
stant. The chemical composition of the SEI on the Si anodes
was investigated using scanning TEM (STEM) in a FEI
Tecnai F30 G* STwin equipped with an energy-dispersive
X-ray (EDX) detector (Si/Li, EDAX). Li-containing samples
were prepared in an inert atmosphere to prevent any oxygen
contamination.

K. Saleem et al.
3 Results and Discussion

The cyclic voltammetry of Si anodes was performed in order
to compare their electrochemical performance. The incor-
poration and extraction of Li ions in Si anodes during
lithiation/delithiation accompanied phase transformations.
The peaks in the CV diagrams during lithiation and
delithiation cycles indicate typical phase transformations in
Li-Si anodes. Figure la and b represents typical voltam-
mograms for powdered Si and Si microwires. In powdered
Si the peak at 1.41 V marks the start of the SEI formation
and thus reduction of the solvents. During the lithiation, as
the lithium ions are incorporated in the Si anode, structural
transformation takes place due to the formation of the Li,Si,
alloy [2]. During the structural transformations the Si anode
goes from crystalline to amorphous after cycling. The lithi-
ation peak is marked as peak 3 and the delthiation peaks are
marked as peak 1 and peak 2 in Fig. la, b. Due to the
difference in morphology of the Si anodes there is a shift in
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the potential values of the peak 1 appearing in delithiation
cycles. This shift is more clearly indicated in Fig. 2.

A clear shift in the delithiation peaks of Si microwires is
noted compared to powdered Si. The figure shows almost a
linear increase in the potential values in case of Si micro-
wires compared to powdered Si. The increase in the
delithiation voltage indicates the longer paths for the Li ions
or the electrons in the case of Si microwires [2]. The peak
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Fig. 3 Resultant AE representing the difference between the area
under the lithiation and delithiation curves of powdered Si and Si
microwires

Fig. 4 STEM-EDX elemental
mapping of powdered Si cycled
in the electrolyte for 5 cycles at a
scan rate of 0.1 mVs™'
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voltages for the powdered Si on the other hand remains
somewhat constant. A comparison between the areas under
the lithiation and delithiation curves for powdered Si and Si
microwires is shown in the Fig. 3a, b.

The area under the CV curve represents the amount of
energy utilized for the lithiation and the amount of energy
gained after delithiation during cycling. The difference (AE)
between the areas under the lithiation and delithiation curves
of powdered Si and Si microwires is shown in the Fig. 3. This
difference, shown by the points for each cycle, indicates the
irreversible losses in different cycles. The difference between
the integrated areas indicate the higher number of irreversible
losses in case of powdered Si compared to Si microwires.

The structural modifications of the powdered Si anodes
during cycling accompanied modifications of the solid
electrolyte interface. The SEI layer is altered in terms of the
(a) elements distribution and (b) thickness in both the mor-
phologies. The TEM results of the compositional modifica-
tions after 5 cycles in powdered Si and Si microwires are
shown in Figs. 4 and 5, respectively. The EDX elemental
map was taken from the area marked in the High Angle
Annular Dark Field (HAADF) image in both the figures and
the SEI is marked in the images with arrows and dashed
lines. The SEI layer comprises of flourine, sulphur, oxygen
and carbon which are contributing differently to the thick-
ness of the SEI as shown in the figure. Flourine is covering
the Si anodes in both morphologies more uniformly com-
pared to Sulphur and Oxygen. Additionally, the distribution
of the elements in both the morphologies is similar since the
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Fig. 5 STEM-EDX elemental
mapping of Si microwires cycled
in the electrolyte for 5 cycles at a
scan rate of 0.1 mVs™'

electrolyte and the parameters used in both the cases were
same. Due to the lightweight of the lithium, it could not be
resolved in the EDX elemental map.

4 Conclusions

Due to the difference in morphology, Si microwires have
different electron and Li ion diffusion paths compared to
powdered Si. Si microwires have compelling electrochemi-
cal performance because they provide short Li diffusion
paths due to their narrow diameter combined with long
continuous paths for electron transport down their length.
They also have higher surface areas speeding the lithium
insertion process.
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T. Marsagishvili, G. Tatishvili, N. Ananiashvili, N. Giorgadze,
E. Tskhakaia, M. Gachechiladze, J. Metreveli, and M. Machavariani

Abstract

The sorption of Pb (II) ions from an aqueous solution of
lead nitrate on carbon sorbents, obtained from waste
based on cellulose-containing materials, was studied.
Particularly, among studied carbons [hazel nutshell,
walnut shell, sawdust, activated carbon (fraction size—
40 )] material obtained from walnut shell shows the best
adsorptive properties. The possibility of their use for the
purification of drinking and waste waters contaminated
with lead ions is established. The maximum amount of
lead that can be bound by 1 g of sorbent is 154.0 mg/g,
while 95% of metal ions are bound within 30-40 min.

Keywords
Sorption ¢ Lead * Adsorption * Nutshell ¢ Carbon

1 Introduction

Control of heavy metals content in natural waters is very
important, because they are especially dangerous for human
health. It must be mentioned, that metals often form water
soluble complexes during chemical transformations in the
medium. This complicates their removal by such
well-known methods as coagulation, flotation, filtration,
biochemical purification. However, the sorption method of
water purification from heavy metals is the most effective
way for neutralization of industrial wastewaters and for
returning of pure water and precious metals to industry.
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A problem of purification of drinking and waste waters is
connected with their composition. In spite of the existence of
general theoretical works in each particular instance it is
necessary to select specific sorbent [1-15]. Therefore, cre-
ation of new cheap and effective adsorbents, especially on
the basis of waste, is very important. Various sorbents were
obtained from cellulose-contained waste by the help of
worked out original technology [13, 14].

Lead is one of the most dangerous, environmentally toxic
elements. Its accumulation in the environment is connected
with the use of tetraethyl lead as an anti detonator, which is
added to automotive fuel. Water contamination with lead is
much higher in industrial regions. Lead accumulates in water
in the form of ions or water-soluble complexes [1]. Removal
of lead is realized by various methods, but the sorption
method of water purification from lead is rather simple and
effective method, which allows the neutralization of drinking
and industrial wastewaters.

Maximum permissible concentration of lead ions in
wastewaters is 1.0 mg/L, and in drinking water is
0.01 mg/L.

Search of new adsorbents in order to solve above men-
tioned problem in the world is very important. The analysis
of literary data [2—15] has shown, that adsorbents, which
were used for purification of drinking and wastewaters, oil
products and organic solvents are characterized with high
cost price and complicated regeneration technologies.

2 Materials and Methods

This work is devoted to the adsorption of lead from aqueous
medium by new carbon materials—adsorbents obtained
from wastes based on cellulose-containing materials,
according to the technology developed by the authors of this
article [13, 14].

The advantage of worked out technology is that during
thermochemical conversion, cheap reagent is added to the
raw materials, which ensures the low price of the obtained
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carbonaceous material with high surface porosity. It must be The sorption capacity of sorbents (Ar) at each given
noticed, that obtained sorbents are considerably cheaper and moment of time was calculated by the formula [15]:
in contrast to other waste their reserves are constantly

renewable, because of the growth of plants. A= Vo(Co = C) (mg/g) (1)
The possibility of use of obtained sorbents for the m 7
purification of drinking and waste water from lead ions is Recovery ratio was calculated by the formula [15]:
determined in this work.
Determination of the sorption activity of adsorbents with x = (G, —C) 100% (2)
respect to lead ions (Ap,, mg/g) was carried out at a tem- c,

perature 20°-25 °C. A portion of the adsorbent (1.0 g) (three
parallel experiments were carried out in one point) was
stirred for 2 h with 100 ml of 0.01 M lead nitrate solution
Pb (NOj),, after which the solution was separated from the
sorbent by filtration and the current (almost equilibrium)
concentration of metal ions was detected in it (Cp, mg/L)
(Cp was determined on atomic-absorptive spectrometer—
ANALYST 200-1004 TAM (Pelkin-Elmer ICP-OES
3300XL,Perkin-Elmer, Billerica, MA, USA).

As it is obvious from the research, after two hours delay
(practically, after 1 h delay equilibrium state is achieved) of
adsorbents in solution of lead nitrate(C{ppyni. = 2.2 g/L),
material obtained from walnut shells shows the best
adsorptive properties.

Dependence of lead ions sorption on walnut shells from
delay time of sorbent in solution is studied. The results are
given in Table 3 and Fig. 1.

From the above data it can be seen that equilibrium is
established relatively quickly, after about 30—40 min. The
maximum amount of lead that can be bound by 1 g of sor-
bent is 154.0 mg /g, while 95% of metal ions are bound
within 30—40 min.

Studies of the dependence of lead ion sorption on mixing
showed that it is almost not affected by mixing. This indi-
cates that the external diffusion factor does not play a sig-
nificant role in the process under study and proves that the
process is determined by the internal diffusion of ions in the
pores of the sorbent.

The removal of Pb(IT) was maximal when the pH of water
varied within 5.5-6.0.

3 Results and Discussion

We have measured the chemical composition of samples on
Scanning Electron Microscope (SEM and TESCAN). The
results are shown on Table 1.

The adsorption capacity of carbonaceous materials from
hazel nutshell, walnut shell, sawdust, activated carbon
(fraction size—40 p) obtained by the above-mentioned
technology with respect to lead ions has been studied
(Table 2).

Table 1 Chemical composition of the carbonaceous materials samples obtained from secondary raw materials (% averaged)

Sample C (6] Ca K S Fe Ni Cu
Hazelnutshell 85.1 10.7 2.07 0.6 0.2 0.5 0.4 0.2
Sawdust 94.6 43 0.5 0.1 - - 0.2 -

Walnut shell 89.5 7.4 0.8 1.4 0.4 0.2 - 0.2
Activated carbon 89.6 8.69 0.7 0.4 - 0.1 - 0.4

Table 2 Equilibrium concentrations Cpy,, Of adsorbents obtained from hazel nutshell, walnut shell, sawdust, activated carbon (fraction size—
40 p) after a two hours delay in solution (with stirring) and adsorption value (A, mg/g) of Pb™ jons (mgom, = 1 g, Ve = 100 mL, C,
init. = 2.2 g/L, t = 20-25 °C)

Hazel Walnut Sawdust Activated
nutshells shells carbon
Average values of Cpy,, equilibrium concentration after adsorption C,, 1.436 0.890 1.743 1.08
(g/L)
Average value of Pb™ ion adsorption A, (mg/g) 78.3 131.67 47.7 1123

Recovery ratio of Pb™ ions, % 35.5 60.0 21.5 51.3
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Table 3 Dependence of adsorption value (A, mg/g) and recovery ratio (%) of Pb™ ions on delay time of adsorbent in solution (with stirring) for
the sample obtained from walnut shells (fraction size 40 p) (Mg, = 1 g, Vor. = 100 mL, Cippyinie. = 2.2 g/L, t = 20-25 °C)

Delay time in solution t (min)
Current concentration C (g/L)
Adsorption, A (mg/g)

Recovery ratio of Pb™ jons (%) from solution (in comparison with
C{Poyinit.)

A 160
140
120
100

80
60
40
20

0 &
0 50

100 150 200

Fig. 1 Dependence of adsorption value (A, mg/g) on delay time (t,
min) of adsorbent in solution

The influence of initial concentration of Pb(II) on lead
adsorption was studied.

The results of this influence are given in Table 4 (contact
time of adsorbent with solution is fixed).

It turned out, that the higher the concentration of lead in
the solution, the greater the adsorption of lead on the nutshell
adsorbent.

For elementary analysis, you can recalculate some
parameters, characterizing the process of adsorption. The
calculation of the size of the surface of the adsorbent, which
is required for the adsorption of lead ions on different sor-
bents is of interest. Let us estimate the surface occupied by
the adsorbed particles of one gram equivalent of Pb ions.

As can be seen from Table 5, the size of the surfaces for
the adsorption of one mole of different ions from the same
type of solutions is not much different from each other. It

Table 4 The influence of initial

5 10 20 30 60 90 120 150
1.0 0.84 0.75 0.72 0.68 0.66 0.65 0.66
120 136 145 148 152 154 155 154
52.6 61.8 65.9 67.3 69.0 70.0 70.45 70.0

should be expected that this difference is related to the
specificity of the electron orbitals of the adsorbable
particles.

Table 6 shows the estimated data on what area on the
surface S of the adsorbent is occupied by one adsorbed
particle and also the distances R between the adsorbed
particles.

4 Conclusion

1. It is established, that carbonaceous materials obtained
from secondary raw materials by the original technology
(thermal conversion) may be successfully used as sor-
bents because of their high BET surface area and
porosity.

2. Among studied four samples (hazelnut shell, sawdust,
walnut shell land active carbon) the best adsorption
properties has hazelnut shell, as far as its BET surface
area, micropore area and volume is larger in comparison
to other samples.

3. The adsorption properties of carbonaceous materials
obtained from various vegetable waste depend not only
on chemical composition, but also on structure of the
material.

4. Among studied carbons [adsorbents obtained from
hazelnut shell, walnut shell, sawdust, activated carbon
(fraction size—40 p)] material obtained from walnut
shell shows the best adsorptive properties against Pb(II)
ions.

5. The maximum amount of lead that can be bound by 1 g
of sorbent is 154.0 mg/g, while 95% of metal ions are
bound within 30-40 min.

. Initial Contact time of Lead concentration Recovery Lead
concentration of Pb(II) on lead concentration of adsorbent with solution, | after contact, g/L ratio of lead, adsorption
adsorption lead g/L min % A, mg/g

2.22 10 0.82 62.2 138
2.07 10 1.12 459 95
0.93 10 0.71 23.7 22
0.50 10 0.39 21.0 10.5



100

Table 5 The size of the surfaces
for the adsorption of one mole

Table 6 Adsorption parameters

for single particles

Sorbent

BET Surface area, m* g~

Hazelnut shell 637.33
Sawdust 492.95
Walnut shell 499.0
Activated carbon 708.7

Sorbent

S, Surface per one adsorbed particle, m”

Hazelnut shell 2.84 x 10718
Sawdust 355 x 10718
Walnut shell 1.11 x 107'®
Activated 2.18 x 1071%
carbon
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L. A. Golovan, and P. K. Kashkarov

Abstract

Sequential use of electrochemical etching and picosecond
laser ablation in ethanol and liquid nitrogen allows
fabrication of silicon particles with size smaller than
100 nm and high level of crystallinity. Fabricated
ensembles of nanoparticles exhibit effective photolumi-
nescence with emission peaks located within biotissue
optical transparency window, thus being promising as
contrasting agents for bioimaging.

Keywords
Pulsed laser ablation ¢ Silicon nanoparticles
Photoluminescence

1 Introduction

Silicon nanoparticles (Si-NPs) have high potential in dif-
ferent biomedical applications [1-4] owing to relatively high
biocompatibility, biodegradability and low toxicity [3—6]. In
particular, Si-NPs were demonstrated to serve as photolu-
minescence (PL) markers for bioimaging.
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For efficient penetration into living tissue upon topical
administration or transport within organism upon intra-
venous injection, the particles should have sizes smaller than
100 nm. Mechanical milling or ultrasound grinding tech-
niques traditionally applied to porous or crystalline silicon
do not allow to ensure the required size. Si-NPs with the
desirable small size could be produced by colloidal synthesis
or other similar chemical techniques. However, application
of these techniques may result in numerous chemical
impurities within nanoparticles that are undesirable for
biomedical applications.

Pulsed laser ablation techniques in liquids or gases [7, 8]
is an alternative way of “green synthesis” of chemically pure
Si-NPs with the sizes ranging from 1 to 100 nm. However,
relatively low product yield is a significant disadvantage of
this technique. Moreover, this technique does not ensure
efficient photoluminescence of the produced Si-NPs, espe-
cially if crystalline silicon targets are employed. The
state-of-the-art technologies to produce photoluminescent
Si-NPs are based on two-step approaches consisting in either
mechanical milling of crystalline silicon followed by laser
fragmentation in a liquid [7] or laser ablation in inert gas
followed by ultrasound grinding [8].

In this paper, we propose a hybrid approach consisting in
sequential application of electrochemical etching of initial
silicon wafers with low doping level and laser ablation in
ethanol or liquid nitrogen. As a result of electrochemical
etching, microporous silicon films are formed. These struc-
tures exhibit effective photoluminescence in the red region
[4] and reduced ablation threshold in comparison with
unprocessed crystalline silicon [9]. Laser ablation allows to
produce nanosized particles preserving, however, photolu-
minescence properties of the microporous silicon films.

This study presents a comprehensive analysis of the
structural and photoluminescent properties of the fabricated
Si-NPs by means of the atomic-force microscopy (AFM),
scanning electron microscopy (SEM), Raman scattering, and
photoluminescence spectroscopy techniques.
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2 Materials and Methods

The p-type monocrystalline silicon plates were chosen as an
initial material with the (100) surface orientation and a
specific resistivity value of 1-20 Q cm to form the layers of
microporous silicon by electrochemical etching. Solution of
47.5% hydrofluoric acid with ethanol in the 1:1 proportion
was used for etching. The substrates of monocrystalline
silicon were placed in pure hydrofluoric acid for a few
seconds prior to etching in order to remove the natural oxide
film from the surface. Etching was performed for 30 min
with electric current density of 25 mA/cm?.

After etching, the produced porous silicon film on initial
wafer was placed into a cell (15 ml) filled with ethanol or
liquid nitrogen and irradiated by picosecond pulsed laser
(Nd:YAG laser EKSPLA PL2143A, 1064 nm, 34 ps, 10 mJ,
10 Hz) for 30 min [10]. Si-NPs suspensions were formed as a
result of the picosecond laser ablation in a liquid.

To determine the size distribution of the ablated Si-NPs,
AFM and SEM images were obtained using ND-MDT
SolverPRO and Carl Zeiss Supra 40 microscopes, respec-
tively. Raman spectra were measured using a Horiba Jobin
Yvon HR 800 Raman microscope upon excitation with a
He—Ne laser (632 nm). The photoluminescence spectra and
kinetics were measured using a SpectraPro 25001 spectro-
graph upon excitation by the second harmonic (532 nm) of
the Nd:YAG laser employed for ablation.

3 Results and Discussion

AFM-image analysis demonstrated that the proposed
approach allows to fabricate Si-NPs with the size ranges of
5-100 nm and 7-60 nm for ablation in ethanol and liquid
nitrogen, respectively. Relatively small sizes of the produced
nanoparticles indicate low efficiency of agglomeration of the
ablation products into nanoparticles in the used buffer
environments. SEM inspection indicated that all types of
fabricated Si-NPs have a smooth surface, without noticeable
surface roughness, and a shape close to spherical (see, for
example, Fig. 1a), which, in our opinion, should facilitate
penetration of the particles into biological tissues with
minimal mechanical damage.

Raman spectra of the formed Si-NPs were measured to
estimate the level of the particle crystallinity by analysis of
the integral intensities I, and I, of the lines for crystalline
(520 cm™") and amorphous (480 cm™') silicon phases,
respectively. A typical Raman spectrum of Si—NPs ensemble
is presented in Fig. 1b.
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Fig. 1 SEM image (a) and Raman spectrum (b) of Si-NPs formed by
laser ablation of microporous silicon in ethanol

To calculate the volume fraction f, of amorphous silicon
in a nanoparticle we applied a standard formula [11, 12]:

fa :yla/(yla +Ic)7 (1)

where y is the Raman scattering cross section ratio of the
crystalline and amorphous phases. For relatively large
Si-NPs without quantum confinement this value can be taken
as 0.1 [12]. The volume fraction of the amorphous phase was
revealed to be smaller than 13% for all studied Si-NPs.

The revealed relatively high level of crystallinity of the
formed Si-NPs facilitates photoluminescence in the region of
600-900 nm (Fig. 2a) with maxima located at 720 and
746 nm for the Si-NPs ablated in ethanol and liquid nitro-
gen, respectively. Note, that the photoluminescence spectra
are within the biotissue transparency window (700-
1200 nm).
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Fig. 2 PL spectra of Si-NPs formed by laser ablation of microporous
silicon in ethanol and liquid nitrogen (a); PL kinetics of Si-NPs
produced by laser ablation in ethanol (b)

A typical PL kinetics curve is shown in Fig. 2b. Exper-
imental dependencies are accurately fitted by stretched
exponential decay functions for all types of the studied
nanoparticles. It is assumed that this approximation corre-
lates with the presence of silicon nanocrystals with wide size
distribution. The obtained values of PL lifetime and expo-
nent stretching factor are 680 £ 30 us and 0.237 4+ 0.012,
respectively, for the Si-NPs fabricated in ethanol and
28.0 £ 1.4 ps and 0.34 £ 0.03, respectively, for ablation in
liquid nitrogen. It should be noted that the initial microp-
orous silicon exhibits a faster PL decay in comparison with
the Si-NPs: its PL lifetime and exponent stretching factor
amount 5.5 + 0.3 ps and 0.368 £ 0.011, respectively. Most
likely, the observed tendency of significant increase of the
PL lifetime after laser ablation originates from the
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appearance of numerous defects in the formed nanocrystals
as a result of the fabrication process and requires further
study.

4 Conclusions

To conclude, in the present study the possibility of silicon
nanoparticles formation as a result of sequential electro-
chemical etching and picosecond laser ablation in ethanol or
liquid nitrogen was investigated. The proposed hybrid
approach allows fabrication of Si-NPs with a size smaller
than 100 nm and level of crystallinity higher than 87%.
The fabricated nanostructures exhibit effective photolu-
minescence with emission peaks in the red region and life-
times of order of tens (ablation in liquid nitrogen) and
hundreds (ablation in ethanol) ps. Since the emission peaks
are within the biotissue transparency window (700-
1200 nm), the fabricated Si-NPs have high potential as
photoluminescent markers for bioimaging.
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Abstract

Zn,_,Mg,O thin films were prepared by aerosol deposi-
tion and spin-coating method, using zinc acetate and
magnesium acetate as precursors. The obtained films were
investigated by scanning electron microscopy (SEM),
electrical and photoelectrical characterization. SEM and
energy dispersive x-ray (EDX) analysis has shown that
the produced thin films are homogeneous in morphology
and composition. The relaxation of photoconductivity
under UV illumination was investigated in vacuum as a
function of temperature. It was found that the thin films
produced by spin-coating exhibit much higher photosen-
sitivity and long duration relaxation of photoconductivity,
in contrast to the films obtained by aerosol deposition.
The investigation of photosensitivity in a wider spectral
range demonstrated that the films are also sensitive to the
visible and infrared irradiation.
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1 Introduction

Compound semiconductors are commonly used in many
optoelectronic applications [1-4]. Modern light emitting
diodes (LEDs), for the spectral range from ultraviolet
(UV) to green light, are often made of III-N semiconductors
such as InN, GaN, AIN and alloys [5-7]. However, the
production of these materials is difficult and expensive.
Furthermore, indium and gallium are very rare metals and
the demand of these elements is rapidly growing. This sit-
uation stimulates the research for alternative solutions, such
as II-VI group semiconductors, particularly ZnO [8],
ZnMgO [9] and CdZnO, which show a great potential in
replacing the nitrides. For the meantime, the growth of
ZnMgO layers is difficult, because of low thermodynamic
solubility of MgO in ZnO. However, recent works show a
high improvement in growing techniques for ZnMgO layers
and it makes possible to accurately investigate luminescence
properties of this material. Finally, according to the recent
research, ZnMgO shows high potential to become an
extensively used material for production of optoelectronic
devices, where wide band gap semiconductors are required.
In this report we present results on the investigation of
structural, electrical and photoelectrical properties of ternary
ZnMgO layers grown by aerosol deposition and spin coating
method [10, 11].

2 Technology of ZnMgo Thin Films
Preparation

The spin-coating method (Fig. 1) is a procedure used to
deposit thin films on Si, sapphire, quartz, glass and other
substrates. Usually, a small amount of solution is placed at
the center of a substrate rotating at a given speed (in this case
of 2000 rpm), to spread the material over the entire surface
of the substrate by the centrifugal force. The rotation takes
20 s, then the substrate is dried at 150 °C for 10 min. One
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| Substrate

To vacuum Pump

Fig. 1 Schematics of spin-coating method of spraying solutions by
centrifugal force

should mention that the higher the spin speed, the thinner the
film. The thickness of the film also depends on the viscosity
and concentration of the solution, but also on the solvent
used. The procedure is repeated until the desired film
thickness is obtained. In our case, after depositing 10 layers,
the sample was treated at 500 °C for one hour in air.

For the deposition of ZnygMgp .0 thin films by spin-
coating, mixed solutions of Zn(CH3;CO,),, Mg(C,H305),,
(0.35M) dissolved in 20 mL of 2-methoxyethanol + 0.5 mL
of diethanolamine (DEA) were prepared in an ultrasonic
bath for 30 min at a temperature of 50-60°C. Solutions with
0.2% concentration of Mg in ZnO were prepared with these
two acetates.

The aerosol deposition method (Fig. 2) relays on spray-
ing on a substrate a solution that contains precursors of the
base material and, optionally, dopants. Therefore, the aerosol
deposition technology requires a substrate, a heater to
maintain the temperature of the substrate up to 600 °C, a
sprayer, a gas flow (O,, N,, Ar), and also aerosols falling on
the substrate. The aerosol is brought above the heated sub-
strate, where the reaction of the precursors occurs at a given
temperature, which ultimately produces the oxide deposited
on the substrate.

The solutions of Zn(CH3;CO5),, Mg(C,H30,),, (0.35 M)
dissolved in 50 mL of C,HsOH were mixed in an ultrasonic
bath for 30 min at a temperature of 50-60 °C for the aerosol
deposition of Zny sMgp ,O thin films. Similarly to the films
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Fig. 2 Schematics of aerosol deposition method

deposited by spin-coating, solutions with 0.2% concentra-
tion of Mg in ZnO were prepared with these two acetates.

3 Study of Morphological Properties

Zn,_,Mg,O Films with thicknesses between 50-100 nm and
uniform morphology were prepared by aerosol deposition
and spin-coating method at 500-550 °C on p-Si
(100) substrates.

The morphology of Zny Mg O thin films was studied
with a Hitachi SU 8230 scanning electron microscope
(SEM), using secondary electron images obtained at differ-
ent magnifications: 10k, 40k, 60k. The SEM images of a
Zng sMg -0 film obtained by the aerosol deposition method
are presented in Fig. 3.
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Fig. 3 Top SEM view (a, b) and
cross section (c¢) images of the
p-Si/n-Zng sMg( ,O material
obtained by the aerosol deposition
method

170nm 154nm

Fig. 4 Top SEM view (a, b) and
cross section (c¢) images of the
p-Si/n-Zng sMg( ,O material
obtained by the spin-coating
method

i 96.0nm. 94.0nm 93.0nm
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Figure 4 presents SEM images of a ZngsMgy,0 film
obtained by the spin-coating method. One can see that the
deposited film is planar.

4 Study of Electrical and Photoelectrical
Properties

The measurements of current-voltage characteristics of
n-Zny gMgq ,O/p-Si films prepared by aerosol deposition and
spin-coating method were carried out with Pd contacts on
the surface of the film. The films demonstrate photosensi-
tivity under UV light irradiation, and the current increases
proportionally to the excitation density. Figure 5 presents
the current—voltage curves of the Pd/ZnMgO films at room
temperature.

The I-V curves are symmetrical for both directions of the
bias, and the characteristic measured in the dark is linear for
the sample produced by aerosol deposition. Under UV light
illumination (200—400 nm, 2.2 mW/cmz) the characteristic
deviates from a linear one, and the sample demonstrates
photosensitivity, which increases with increasing the bias.
One can observe from Fig. 5 that the sample produced by
spin-coating is much more sensitive, as compared to the one
produced by aerosol deposition.

The relaxation of photocurrent measured under UV irra-
diation at 25 K demonstrates a fast response for samples
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Fig. 5 The current-voltage characteristics in dark and under UV
illumination for ZnggMgy,O films deposited by aerosol (a) and
spin-coating (b) methods
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produced by both methods (aerosol deposition and
spin-coating), without a long duration relaxation component.
At 300 K there is a difference in the relaxation curves for
samples produced by different methods. While the reaction
of the photocurrent at UV irradiation is similar at low tem-
perature (25 K) and room temperature (300 K) for samples
produced by aerosol deposition (without a long duration
relaxation component, the behavior is different for sampled
produced by spin-coating. The current built-up in samples
produced by spin-coating demonstrates two components: a
fast relaxation component, and slow one, with relaxation
time of hundreds of seconds. Previously, long duration
relaxation of photoconductivity was observed in highly
doped and compensated semiconductors [12], porous semi-
conductors [13] and solid solutions [14]. In all of these
cases, the phenomenon of long duration relaxation of
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Fig. 6 The relaxation of photocurrent under UV irradiation measured
in vacuum at 25 K (a), and 300 K (b) for films deposited by aerosol
and spin-coating methods
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Fig. 7 The relaxation of photocurrent measured at 300 K in vacuum
under irradiation with different wavelengths

photoconductivity and persistent photocurrent was explained
by the random local-potential fluctuations, and formation of
barriers for the relaxation of photoexcited carriers. The
mechanisms of these fluctuations are different for the three
systems. They are determined by the degree of conductivity
compensation in the first case, by the degree of porosity in
the second case, and by the local fluctuations of the solid
solution composition in the third case. Since we deal with
solid solutions, one can suggest that the long duration
component of the relaxation of photoconductivity in our
samples produced by spin-coating is due to the local fluc-
tuations of the solid solution composition (Fig. 6).

The investigation of photoconductivity excited by irra-
diation from a wide spectral range (Fig. 7) shows that the
samples produced by both the methods are sensitive in wide
spectral range from UV to IR wavelengths. The sensitivity in
the visible spectral range is comparable with that measured
with the UV irradiation, while it is by a factor of 3—4 less for
IR wavelengths.

5 Conclusions

The results of this study demonstrate preparation of ZnMgO
thin films with homogeneous morphology on Si substrates
by aerosol deposition and spin-coating. The investigation of
photoelectrical properties shows that the samples produced
by aerosols deposition provide higher currents, while those
prepared by spin-coating provide higher photosensitivity.
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Abstract

Chalcogenide glasses nanomultilayer structures based on
As,S;-Se were used for direct surface relief grating
(SRG) formation by holographic recording. Grating
recording process in As,;S;—Se nanomultilayer structure
for different grating period and long recording time was
performed. Simulated diffraction efficiency kinetics
curves showed good agreement with the experimental
results Analyses of diffraction efficiency kinetics and
AFM images of recorded SRG showed that grating period
increasing led to the SRG depth increasing in linear way.
It was revealed that SRG recording rate was characterized
by non-linear behavior, while modulation depth remained
approximately the same value for all gratings.

Keywords

Chalcogenide glasses * Nanomultilayer structures
Surface relief grating ¢ Diffraction efficiency °
Non-linear photoresponse

1 Introduction

Direct surface relief grating (SRG) recording in amorphous
chalcogenide glasses (ChGs) has been extensively studied in
recent years [1, 2]. The interest of this topic results from
observation of the light-induced mass transport, firstly
observed in thin films of azopolymers [3, 4], and further in
chalcogenide glasses [5—7]. The effect of light induced sur-
face deformation in ChG is intensively studied both exper-
imentally and theoretically, however many details of the
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process remain unclear. The first report of photo-induced
mass transport observed in As,S; revealed polarization
dependence (vectorial) nature of this effect [8]. Later, vec-
torial SRG were formed in As—Se, As-S—-Se, Ge-Se
chalcogenide films and As,S;—Se multilayer structures.
Among ChGs thin films amorphous nanomultilayer struc-
tures (NML) are attractive because of the prominent pho-
toinduced effects [9-11].

Two distinct mechanisms of SRG recording in ChGs thin
films are distinguished depending on the polarization of
writing beams: small scalar SRGs induced by photoinduced
volume change, and giant vectorial SRGs induced by lateral
mass transport [12]. Earlier [13] we have shown, that the
diffraction efficiency (DE) of light-induced SRG recorded on
NML structures strongly depends on polarization states of
recording beams. Enhanced DE is obtained when the
recording beams have orthogonal linear +45° or circular
LCP:RCP polarizations. The relationship between the depth
of SRG and its period was studied in NML structures based
on ChGs, where it was shown that grating period increasing
led to the SRG depth increasing in linear way. In present
studies we performed simulation of DE kinetics and we
showed that calculated DE curves were in good agreement
with the experimental results. Grating recording process in
As,S3—Se NML structure for different grating period and
long recording time was performed. Such experiment turned
out to be very interesting especially from the DE point of
view and also from the efficiency of the surface relief grating
formation. One cannot find in literature holographic grating
experiments performed in ChGs for such set of grating
periods and long recording time.

2 Materials and Methods

The experiments were performed on 1.7 pm thick As,S;—Se
NML structure deposited on rotated glass substrate by
thermal evaporation from two isolated boats with bulk As,S3
and Se glasses. A thickness of each As,S; nanolayer was 9
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and 6 nm of Se nanolayer correspondingly. More detailed
description of deposition process can be found in paper [12].
The SRGs were formed using a holographic setup [11] with
wave plates for obtaining the different states of polarizations.
Edge of As,S;—Se NML absorption light of DPSS laser
operating at 532 nm was used. A beam splitter was used to
obtain the two interfering beams and the angle between
those beams was adjusted to provide the necessary spatial
modulation periods. Series of holographic grating recording
experiments were performed on studied NML structure. The
experiments differed in period of the grating inscription:
from 960 to 5000 nm (960, 1170, 1410, 1920, 3000 and
5000 nm), the rest of experimental conditions were
unchanged. An optical intensity of 3.2 W/cm? was incident
on the sample surface. Quarter wave retarders were used to
obtain circular polarization configuration LCP:RCP. To
monitor the dynamics of the formation of SRGs we used the
evolution of diffraction efficiency (DE: the ratio of intensities
of the transmitted first diffracted beam to the zero one before
recording). A laser diode beam at wavelength 650 nm was
used for DE monitoring. The surface relief structure of the
gratings on As,S;—Se NML structure was investigated by
Nanoscope III atomic force microscope (AFM) after the
holographic gratings were recorded.

3 Results and Discussion

Based on our previous studies we consider that the main
process during polarization holographic recording in NML is
surface relief formation. Surface relief gratings are interesting
for large scale applications, since they can be reproduced
relatively easy from a master. Gratings can be categorized as
either thick or thin by comparing depth of surface modulation
Ad and the wavelength A with An and/or the average index of
refraction n,, and the grating period A. While thick gratings
show Bragg diffraction, thin gratings show Raman-Nath
diffraction. In our experiments we consider surface relief
gratings produced in chalcogenide glasses nanomultilayers
(negr = 2.50) with a grating period compared to the incoming
wavelength: A = 960-5000 nm and A = 650 nm, assuring
that the gratings can be considered as thin. A sinusoidal
profile leads to the well-known Raman-Nath expression and
the diffraction efficiency of the my, order n,, is given by:
n =J2(A@/2), where J,—is Bessel function of m order;
Ap—is the maximum phase modulation of grating and it is

equal to Ap = 2 - (h- (n — 1)), where A—wavelength, used

7
for DE measurement; n—refractive index of grating material;
h—SRG height.
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Fig. 1 The first order diffraction efficiency as a function of grating
height

As the recording time increases during preparation of the
gratings, the height of the corresponding grating also
increases. This behavior corresponds to the dependence of
the first order diffraction efficiency on the grating height, as
shown in Fig. 1.

Here we assumed that the dynamics of surface relief
grating formation in NML structure upon constant light
illumination is linear. But in real recording the photoinduced
surface relief formation can be described by the
single-exponential functions of the form:

Ad = Adpay[1 — exp(—1/7)],

where 1 is the characteristic grating formation time constant,
and Ad,,,, is the maximum thickness modulation, for given
experimental conditions.

This expression describes a natural tendency of reaching
saturation of any material parameter for infinite exposure
time.

In our experiment we have non-linear change of thickness
modulation with saturation. In Fig. 2 non-linear thickness
modulations with different time constant t and corresponded
first order diffraction efficiency kinetics are presented.

Having this in mind, by the analysis of diffraction effi-
ciency kinetics the non-linear change of thickness modula-
tion can be obtained.

In Fig. 3 the experimental first order diffraction efficiency
of surface relief grating recorded in As,S;—Se NML struc-
ture is shown.

AFM investigations showed high quality of the recorded
surface relief’s of gratings which had profiles close to the
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Fig. 5 The exponential change of thickness modulation

sinusoidal ones. Surface profile of recorded SRG with period
3000 nm is shown in Fig. 4.

This implies that the DE value depends on the SRG
height and we can investigate the SRG formation by means
of the changing of DE value during holographic recording.

The exponential change of thickness modulation was
obtained by the analysis of diffraction efficiency kinetics
shown in Fig. 5.

The result of the diffraction efficiency measurement for
holographic recording of SRG in dependence of grating
period is shown in Fig. 6.

The exposure time was chosen as time when saturation of
DE was observed for grating with period 1170 nm. Satura-
tion of DE reaches at saturation of the SRG height growth.
For grating with 1170 nm period it was 34 min corre-
sponded the exposure energy about 6.5 kJ/cm®. This expo-
sure energy was used for all other periods of gratings. DE
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Fig. 6 The first order diffraction efficiency as a function of exposure
time for gratings with period: 1—3000 nm; 2—1920 nm; 3—1410 nm;
4—1170 nm; 5—960 nm

kinetics of SRG recording using LCP:RCP polarization
states of recording beams are shown in Fig. 2.

After grating recording experiments, performed for 960,
1170, 1410, 1920, and 3000 nm grating period, the surface
profile and relief grating depth modulation Ad were directly
measured by AFM. Surface profiles for each illumination
time revealed the sinusoidal shape. These results and no
observation of higher order harmonics in the diffraction
signal confirm negligible role of the nonsinusoidal contri-
bution in the proposed model. The AFM measurements
enabled to calculate the modulation depth L, determined as
p = h/A, where h is SRG height and A is grating period
(Fig. 7), in order to examine how it was changing with the
grating period changing.

In assumption that SRG growth is linear in exposure time,
recording rate is calculated as ratio (SRG height/recording
time). The SRG height, modulation depth, recording rate and
DE for different period of recorded gratings are presented in

Table 1 SRG height, A, nm SRG height, nm
modulation depth, recording rate
and DE of recorded gratings with 3000 735
different periods 1920 450
1410 300
1170 250
960 207

A. Meshalkin et al.

h, nm

X, nm

Fig. 7 Surface profile used to calculate the modulation depth p,
determined as p = h/A, where h is SRG height and A is grating period

Table 1. There is a good agreement between the amplitude
of the SRG calculated from experimentally measured by
AFM and the theoretical value obtained accordingly to the
diffraction efficiency kinetics.

As it is seen from Table 1, increasing of period leads to
SRG height increasing while exposure energy was equal. It
means that SRG recording rate is much more for gratings
with greater periods (from 6.1 nm/min for 960 nm period to
21.6 nm/min for 3000 nm period). Meanwhile the modula-
tion depth was approximately the same for all gratings and
averaged 0.22.

This theoretical estimation is in good agreement with the
experimentally measured kinetics of DE.

4 Conclusions

Chalcogenide glasses nanomultilayer structures based on
As,S3;—-Se were used for direct surface relief grating formation
by holographic recording. Grating recording process in
As,S3—Se nanomultilayer structure for different grating period
and long recording time was performed. Simulated diffraction
efficiency kinetics curves showed good agreement with the
experimental results. Analyses of diffraction efficiency
kinetics and AFM images of recorded SRG showed that
grating period increasing led to the SRG depth increasing in
linear way. It was revealed that SRG recording rate was
characterized by non-linear behavior, while modulation depth
remained approximately the same value for all gratings.

Modulation depth p = h/A Recording rate, nm/min n, %
0.245 21.6 10.7
0.234 13.2 23.0
0.213 8.8 34.0
0.214 7.3 37.5
0.216 6.1 27.8
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V. V. Zalamai, A. V. Tiron, E. V. Rusu, E. V. Monaico, and N. N. Syrbu

Abstract

Absorption (K), reflection (R) and wavelength modulated
transmission (47/42) spectra in SnS, SnS, and SnSe
crystals were investigated in temperature range from 300
to 10 K. Excitonic states were discovered in all investi-
gated compounds. Parameters of observed excitons and
character of electron transitions participating in absorp-
tion edge formation were determined. Optical anisotropy
in interband gap minimum was investigated.

Keywords
Optical spectroscopy * Absorption spectra ¢ Electron
transitions ¢ Direct transitions

1 Introduction

Layered crystals which including the tin sulfide and tin
selenide compounds possess an attractive electronic and
optical properties. The tin sulfide is A"YBY' compound and
forms in several phases and has different stoichiometric
composition from SnS to SnS, [1]. It has been established
that tin sulfide (SnS) can crystallize in various phases: cubic
phases of SnS (space groups Fm-3 m and F-43 m) [1],
orthorhombic phases of a-SnS (space group Pbnm) and
p-SnS (group Cmcm) [2], the hexagonal phases of SnS,
(spatial groups P3ml and P63/mmc) and the orthorhombic
phase Sn,S;3 (space group Pnma) [1]. The low-temperature
a-phase (T < 870 °C) and the high-temperature f-phase
(T > 870 °C) are formed in orthorhombic crystal lattice. The
available experimental data of tin sulfide parameters are
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highly contradictory: the band gap ranges from 1.0 to
2.3 eV, and the absorption coefficient is of the order of 10*~
10> cm™' [3]. Information about the type and nature of
electronic transitions responsible for the interband gap
minimum are extremely contradictory and in fact unex-
plained [4].

Among the lead free tin chalcogenides the SnSe attract an
attention due to thermoelectrical properties [S]. This layered
semiconductor has orthorombical lattice. Its band structure
exhibits some “pudding mode” features. This leads to high
electrical conductivity and Seebeck constant [S5]. SnSe is
suggested to use as solar energy convertor [6]. Despite this
the optical properties of this material are studied insuffi-
ciently. It is well known that SnSe is anisotropic with respect
to its optical, as well as thermoelectric, properties. The
optical band gap is a different for single crystals and layers
[7]. The recent experimental investigations on nanoparticles
in colloidal solution shows that band gap of nanoparticles
decreases with the grain size increasing and can be reaches
to 1.2 eV [8]. And thus tin monoselenide can be used as
solar cell [7].

The aim of this paper is to establish the nature of elec-
tronic transitions forming the interband gap minimum and
the absorption coefficient in the band gap region.

2 Experimental Methods

The SnS and SnS, single crystals grown by gas transport
method in ampoules were the ingots that were easily
cleaved, which made it possible to obtain mirror surfaces of
~5 x 7mm and different thicknesses from 100 pm to
3 mm. The surfaces of most plates were parallel to b axis.
The gas transport method was used for SnSe monocrys-
tals growth. Received SnSe plates had a layered structure
and sizes of 1.5 x 0.8 x 0.5 cm. These plates were easily
cleaved perpendicular to @ axis for receiving of samples with
thicknesses down to 100 um. These samples had a mirrored
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face of 7 x 9 mm. The exfoliation by scotch type was used
for thin layers receiving (3—20 pm).

Transmission, reflection and wavelength modulated
transmission were studied by help of the MDR-2 spec-
trometer (luminosity 1:2 and linear dispersion 7 A/mm). The
low temperature spectra of crystals deposed in closed helium
LTS-22 C 330 optical cryogenic system were measured with
resolution ~0.5 meV (entrance and exit slits of the spec-
trometer did not exceed 70 p). The morphology and chem-
ical composition has been investigated by using Scanning
Electron Microscopes (SEM) TESCAN Vega TS 5130 MM
equipped with an Oxford Instruments INCA Energy EDX
system operated at 20 kV.

3 Experimental Results and Discussions

A. SnS optical properties

The SnS crystals are convenient objects for measurements of
optical transmission (absorption) spectra, since they are
layered with a weak bond between the layers. A weak bond
between the layers makes possible to obtain thin plates by
the cleavage of different thicknesses.

Absorption spectra measured at temperature 10 K are
shown in Fig. 1. The absorption coefficient of a; line
(1.200 eV) in E||b polarization at 10 K exceeds 10* cm™". In
the same polarization the maximum a, (1.52 eV) are
observed and this maximum is weaker at similar energies in
E_Lb polarization. Figure 1 shows reflection (R) spectra in
both polarizations in region of a; maximum measured at
temperature 300 K. One can see form figure that a; maxi-
mum presents only in E||b polarization.

We assume that transitions responsible for this feature are
allowed in E|b polarization and are forbidden in E.Lb
polarization. Weak features a; and a}k* at energies 1.300 eV

Elb.10oK
e T

l32

1
12 1.4 1.6
Energy, eV

Fig. 1 Absorption (K) and reflection (R) spectra of SnS crystals
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Fig. 2 Reflection spectra of SnS crystals measured in E|jb and ELc
polarizations at temperature of 300 K

and 1.321 eV are recognized in absorption spectra in E||b
polarization measured at 10 K. Because these features are
appeared both in reflection and absorption spectra we
assume that these spectra are related to Frenkel excitonic
states. Assuming that @; maximum is due to the ground state
n = 1 of exciton and the weak features af and a}k* are due to
the excited states n = 2 and n = 3 of exciton. The Rydberg
constant of exciton is estimated (R = 150 meV).

Maxima marked as a; (1.203 eV), a, (1.426 eV), a3
(1.856 eV) and weak band a4 (2.066 eV) are clearly rec-
ognized in reflection spectra measured in E||b polarization at
temperature 300 K in energy interval 1-2.4 eV (see Fig. 2).
At room temperature @, band has maxima at 1.364 eV in E||
b polarization and band marked as e, is observed at higher
energy (1.418 eV) in E_Lb polarization. Maxima a3 and e3;
are discovered at the same energies (1.763 eV). At temper-
ature decreasing all abovementioned maxima shifts toward
higher energies a; (1.203 eV), a, (1.426 eV), e, (1.600 eV),
az, e3 (1.856 eV) and ay (2.066 eV). The e, maximum has
the most temperature shift coefficient, it observed in energies
of 1.364 and 1.600 eV at 300 K and 10 K, respectively.

According to the theoretical calculations of the band
structure [9], the observed exciton states are formed in I'-Y
direction of Brillouin zone, where the mass of holes is
m;/l = 2.6m,, and the effective mass of electrons in con-
duction band is mzl = 1.3m,. Excitonic states marked as a,
are formed near point X in I'-X direction and excitons
marked as a3 are in U point of Brillouin zone. These tran-
sitions (a3, e3) are allowed in both polarizations and effective
mass of holes in U point (my;= 3.46my) is higher than in
I-Y point (my; = 2.6mo).

B. SnS, optical properties
SnS, crystals cleaved along the plane of adhesion with

mirror surfaces were used for optical transmission (absorp-
tion) spectra measurements.
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Fig. 3 Absorption spectra of SnS, crystals of measured at tempera-
tures 300-10 K

Figure 3 illustrates absorption spectra for crystals with
0.5 mm thickness measured in unpolarized light at different
temperatures as well as absorption spectra measured at 10 K
in E||b and E_Lb polarizations. One can see from received
data that absorption edge spectra are polarized at temperature
10 K. Edge absorption in E||b polarization begins at lower
energies than one in ELb polarization. A difference of
magnitudes of absorption coefficients for both polarizations
in region of high absorption is observed, i.e. the absorption
coefficient in E_Lb polarization is less than in E||b polariza-
tion. A temperature shift coefficient of edge absorption was
estimated (B = AE/AT = 8.275 X 10~* eV/K).

Absorption and wavelength modulated transmission
spectra measured for the crystal of 830 pm in E||b and ELb
polarizations are shown in Fig. 4. A feature marked as EI is
observed clearly in absorption spectra of both polarizations.
Minimal band gap determined from absorption and wave-
length modulated transmission spectra is practically identical
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Fig. 4 Absorption (K) and wavelength modulated transmission
(AT/AL) spectra of SnS, crystals measured at temperature 10 K in
E|lb and ELb polarizations. Curves for ELb polarization are shifted
down on 200 cm™" for clarity
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and has magnitude of 2.403 eV in both polarizations. This
value coincides with results of Ref. [10] (2.41 eV) and close
to data from Ref. [11] (2.308 eV—indirect and 2.554 eV—
direct). The character of electron transitions responsible for
minimum bang gap E, is determined as indirect by all ana-
lyzed references, but magnitudes of band gaps are differ. This
is due to the fact that thick crystals are required to determine
the magnitude of indirect transitions, while most of the
experimental measurements are performed on thin films. This
indicates that the edge absorption and the EI feature are
formed by indirect transitions. And E2 transitions in E_Lb
polarization are due to the direct forbidden transitions.

C. SnSe optical properties

Figure 5 shows edge absorption spectra of SnSe crystal of
467 pm thicknesses in unpolarized light (unp.) and E||a and E||
¢ polarizations measured at temperature 300 K. One can see
from the spectra that in E||c polarization the transitions marked
as A; and in El|a the transitions marked as B; are observed.
Such strong dependence of indirect transitions from light
polarization and relatively high absorption coefficient
(~6 x 10° cm™") are unlikely. Believe that in E||c polariza-
tion the edge absorption is formed by direct allowed transitions
Aj and in E||a polarization these transitions are forbidden.

According the data of Ref. [12] one can assume from the
edge absorption that the absorption maximum A; is due to
indirect transitions and the minimal band gap at room tem-
perature is equal to 1.091 eV. The B; maximum is associ-
ated with direct transitions and the minimal direct interband
gap at 300 K is amount of 1.360 eV. At the same time, a
remarkable feature is that the absorption coefficient of the
investigated crystals at indirect transitions is relatively high.
This indicates that A; feature is due to direct transitions
allowed in E|c and forbidden in E|ja polarization,
respectively.

“~Elle

Ella

SnSe-Ag
300K
Aq

12 14
Energy, eV

Fig. 5 Edge absorption of SnSe crystals in unpolarized light (unp.)
and in polarization E|ja and E||b measured at room temperature
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Fig. 6 Absorption spectra measured at room temperature in polarized
light for SnSe crystal at sample rotation

In the absorption spectra in the region of A; transitions in
the E||a polarization, the absorption band is practically not
observed. The intensity of A; band changes at changing of
angle between polarization direction of light waves and
a axis of the crystal (see Fig. 6). The B; absorption band is
not recognized in E||c polarization in this range. The B;
absorption band is beginning observed when the polarization
vector turning approximately on 30° from 90° (E||c) to 60°.
The B; band has a maximum absorption (~ 10* cm_l) at
energy ~ 1.3 eV in the case of light wave orientation E||a.

4 Conclusions

Features of excitonic states (a;, az(e;) and az(e3)) were
discovered in absorption and reflection spectra at tempera-
tures 10 K and 300 K in SnS crystals (phase with space
group Pnrma). Minimal energy interval due to excitonic
states a; is formed in I'-Y direction of Brillouin zone, where
holes mass of top valence band (my; = 2.6my) and electron
effective mass of bottom conduction band (m¢; = 1.3mg)
have been determined. The excitonic states a,(e,) are formed
near X point in I'-X direction and excitons az(e3) are in U
point of Brillouin zone. These transitions (a3, e3) are allowed
in both polarizations and effective mass of holes in U point
(my; = 2.46my) is higher than in T-Y point (my; = 2.6my).

It was established by the investigation of absorption,
reflection and wavelength modulated transmission spectra of
hexagonal phase SnS, crystals (space group P63/mmc) in
temperature interval 10—300 K that the minimal bang gap
is due to indirect transitions between points I' and M
(E7* = 2.403 eV). In E||b polarization the minimal direct
energy interval ( gi"”’l”w' =2.623 eV) is formed by direct
allowed transitions and in E_Lb polarization it is formed by

V. V. Zalamai et al.

direct forbidden transitions (Eg"/*" = 2.698 eV) in I point
of Brillouin zone.

By investigation of absorption spectra in temperature
range 300-10 K it was established that the first minimal
band gap A; (1.091 eV at 300 K) formed by direct allowed
in E||c and forbidden in E||a polarization transitions. The next
energy gap B; (1.316 eV) is formed by direct allowed in E||a
and forbidden in E|lc polarization transitions. The direct
electron transitions occur in the excitonic bands. With
decreasing of the temperature, the edge absorption is shifts
toward higher energies. The temperature coefficient of edge
absorption shift is 3.4 x 107 eV/K.
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Abstract

In this paper we investigate the prospective of use of
some nanostructured organic crystals as efficient thermo-
electric material for infrared biosensors. Nowadays, the
infrared sensors are widely implemented in thermal
imaging system, night vision systems and different
personal or clinical devices for health monitoring. A ther-
moelectric sensor consists of thermocouples of n-type and
p-type materials with high electrical conductivity. The
sensitivity of the sensor is determined mainly by the
thermoelectric power factor of the material. Quasi-one
dimensional organic crystals of tetrathiotetracene-iodide,
TTT,I; of p-type and tetrathiotetracene—tetracyanoquin-
odimethane, TTT(TCNQ), of n-type were proposed
earlier as prospective materials with high thermoelectric
power factor. In the following, the electrical conductivity,
the Seebeck coefficient and the thermoelectric power
factor of TTT,I; crystals are calculated numerically as a
function of temperature. The optimal values of charge
carrier concentration in order to achieve a high thermo-
electric power factor are determined.

Keywords

Thermal imaging ¢ Thermoelectric sensor * Infrared
radiation * Organic crystal ¢ Thermoelectric

power factor

1 Introduction

Every heated object, with a temperature above absolute zero,
generates infrared radiation (IR), with a wavelength of
0.75-1000 pm. The intensity of radiation is a function of the
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absolute temperature of the body. An infrared sensor is a
light sensor that converts the incident IR radiation into
electric signal. Depending on the detection mechanism, there
are thermal and photon IR sensors. The last ones exhibit a
good performance and a short response time. But with the
increase of the ambient temperature, the noise in these
sensors increases exponentially, and additional cooling
systems are needed. Thermal sensors, in particular thermo-
electric ones, have the advantage of a good response in a
wide interval of wavelength, they can operate at room
temperature without cooling, and the production technology
is simple and inexpensive [1]. A thermoelectric IR sensor
consists from several p—n pairs of different materials. The
magnitude of the generated electric current is a function of
the temperature difference and depends also on the material
properties. The thermoelectric biosensors can be imple-
mented in medicine [2], in particular as detectors of radiation
in contactless thermometers for measurement of the human
body temperature. A wide implementation of thermal
imaging systems could ensure an efficient real-time moni-
toring of the health of passengers in airports, train stations
and other agglomerated places to ensure security, as well as
for everyday personal usage.

A thermoelectric sensor reliability is determined mainly
by the thermoelectric power factor, P = 8%, where ¢ is the
electrical conductivity of the material, and S is the Seebeck
coefficient. For IR sensors, high values of P are needed. In
ordinary thermoelectric materials, simultaneously increase of
the electrical conductivity and Seebeck coefficient is con-
tradictory. Quasi-one dimensional organic crystals have the
advantage of a nanostructured compound, with more com-
plicated internal structure and increased density of electronic
states. It was shown that for such materials, ¢ and S are less
interdependent and it is possible to enhance the TE proper-
ties by simple chemical techniques [3].

In the last years, very promising results were reported in
inorganic thermoelectric materials: P ~ 10.6 mW m ' K2
in Nb;_,Ti,FeSb half—Heusler, P ~ 4 mW m ' K2 in
SnSe and BiysSb;sTe; and P ~ 3.6 mW m ' K2 in

121

L. Tiginyanu et al. (eds.), 4th International Conference on Nanotechnologies and Biomedical Engineering,

IFMBE Proceedings 77, https://doi.org/10.1007/978-3-030-31866-6_26

)

Check for
updates


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-31866-6_26&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-31866-6_26&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-31866-6_26&amp;domain=pdf
mailto:ionel.sanduleac@mt.utm.md
https://doi.org/10.1007/978-3-030-31866-6_26

122

AgPb,,SbTe,,,, have been reported [4]. In rough Si nano-
wires P ~ 3 mW m ! K 2 were measured [5]. Recently, the
compounds of (Bi,Te3)0.15 + (Sb,Te;)0.85 and n-type
full-Heusler Ba,BiAu have been reported as a promising
thermoelectric materials [6, 7]. In n-type and p-type
PbTe/PbEuTE quantum wells, values of P ~ 6 mW m !
K% and 16 mW m ™' K2, respectively, have been reported
at room temperature [8].

An increased attention is paid in recent years for organic
thermoelectric materials. Very good results have been repor-
ted in Hydrogel Polymer fibers [9]. High output power has
been obtained with a polymeric device realized on the base of
PS-PEDOT:PSS [10]. In blended polymers, a simultaneous
enhancement of ¢ and S has been observed [11].

The p-type and n-type organic crystals of TTT,I; and
TTT(TCNQ), are proposed as efficient thermoelectric
materials for IR sensor. Earlier, the thermoelectric properties
of TTT,l; crystals were calculated and modeled numerically
as a function of the Fermi energy for different crystal
parameters in order to obtain high power factor at room
temperature. It was obtained that thermoelectric properties of
the crystals can be significantly improved by accurate tuning
of charge carrier concentration and further purification. The
aim of this paper is to investigate the temperature depen-
dences of the electrical conductivity, Seebeck coefficient and
the thermoelectric power factor of TTT,I3 crystals.

2 The Physical Model of TTT,l;

The crystals of TTT,I; are needle-shaped with a length of 3—
6 mm. The internal structure consists of segregated planar
stacks of TTT molecules and iodine ions (further defining
the xy plane of a Cartesian coordinate system). Along the
z direction, the molecules arrange in chains with an inter-
molecular distance of approx. 9 A. The lattice constants are
b=496A,a=1835A and c = 18.46 A for x, y and 7 di-
rections. Along the TTT chain, a narrow conduction band of
~0.64 eV is opening. Thus, the electrical conductivity of
the whole crystal is of p-type, provided by holes. It has been
calculated [12] that the electrical conductivity and the ther-
mopower (Seebeck coefficient) depend strongly on the
crystal purity and can be significantly enhanced by using
more advanced synthesis methods.

In order to describe the charge transport along the TTT
chains, a two-dimensional (2D) physical model was applied.
Along the molecular chains, the band description to describe
the charge transport is used. The small corrections due to the
weak interchain interactions in the y direction and the scat-
tering on point-like impurities and thermally activated
defects are considered.
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The Hamiltonian of the crystal has the form:

H= XI‘:E(k)a,:r ag+ Zhwqbq*bq + kX:A(k,q)(/szr ey q(bg+b7)
3 q q

Ni ) Na . (1)
+ <1iV0i Z e~ 4 [, Voge B0/ kT Z 67""’> y! Z ai gy g

=1 j=1 kq
where the term

E(k) = —2w[1 — cos(ksb)] — 2wy [1 — cos(kya)]  (2)
describes the energy of carriers, in the nearest-neighbor and
tight-binding electrons approximations. Here w; and w, are
the transfer energies of a hole from the given molecule to the
nearest one (the indices 1 and 2 indicate the x and y direc-
tions. Corresponding lattice constants are b and a, respec-
tively). k. and k, are the projections of the quasi-wave vector
k. Due to the pronounced quasi-one dimensionality of the
crystal, w, ~ 0.01 wy. The energy is measured from the top
of the conduction band.

At relatively low temperatures (<400 K), the conduction
electron energy is relatively low and the scattering on optical
phonons can be neglected. The acoustic phonons are:
considered:

wg = w7 sin*(g,b/2) + w3 sin*(gya/2),

(3)

where @, and w, are limit frequencies, and ¢y, g, are the
projections of the quasi-wave vector g. From the condition
of quasi one-dimensionality it results that w, < ®;.

The third term in the Hamiltonian (1) takes into account
two main electron-phonon interactions: of the deformation
potential type (with coupling constants—the derivatives of
transfer energies with respect to the intermolecular distance
w) and wj) and of polaron type (the coupling constant is
proportional to the mean polarizability of TTT molecules).

The last term in (1) describes the impurity and defect
scattering processes. It takes into account the point-like,
electrically neutral and randomly distributed impurities and
thermally activated lattice defects (with the activation energy
Ey). I; and I, are the energy of interaction of the electron with
an impurity and with a defect within regions of volume V;
and V,,, respectively.

3 Transport Properties

The electric field and temperature gradient in an IR sensor
are weak. The scattering of electrons on acoustic phonons
can be considered as elastic. The kinetic equation is deduced
by the method of two-particle temperature dependent retar-
ded Green functions. It can be solved analytically and the
electrical conductivity o,,, thermopower S, and the power
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factor P, along the x direction of the conductive TTT wires
can be obtained in the form:

Oxx = O-ORO; Sxx = (k0/€>(2W1/k0T)Rl/ROa Py = GMS,ZCX
oo = 2e*Mv}wirm*hab(koT)*w'(To/ T),

(4)

where kj is the Boltzmann constant, e—elementary charge,
M is the mass of TTT molecule, vy, is the sound velocity
along the TTT chains, r is the number o molecular chains per
elementary cell. Ry and R; are the transport integrals:

L4

R, = O/dso/dn[s+d(1 —cosn) — (1+d)er]"e(2 — ¢)

X Ny (1 — ngy)[sov/ €(2 — €)cth(soTor/e(2 — €)/T)

2
8¢(2—¢)
+D0 + D, exp(—Ea/kOT)Tl, where So = hvsl/(akoTo).

(5)

here y; and 7y, describe the ratio of amplitudes of the
polaron-type interaction mechanism to the deformation
potential one in the x and y directions:

xyf(s—so)z—i- (1473 +2sin®n — 29, cos 1)

7= 2020/ (W), 7, = 260/ (@w))

(6)

€ = E(k)/2w; and &f are the dimensionless kinetic energy of
a hole along chains and Fermi energy in units of 2w,
respectively. n,, is the Fermi distribution function and
n = kya is the dimensionless quasi momentum. & = (y; —
1)/, is the dimensionless resonance energy. The parameter
d = 0.015 is the ratio of transfer energies w, = d - wy, Dy
describes the scattering on point-like impurities, D;—ther-
mally activated lattice defects. In earlier investigations, the
scattering parameter at room temperature was defined by one
parameter D. By comparison of numerical calculation results
with the experimentally reported ones, it was obtained that
D ~ 0.6 for crystals grown from solution, and D ~ 0.1 for
more pure crystals grown from gaseous phase. The integral
from (5) takes into account also the influence of the thermal
expansion on the parameter ;.

4 Numerical Results

The electrical conductivity o,,, the Seebeck coefficient S,
and the thermoelectric power factor P,, have been calculated
numerically after (4). The following parameters of the
crystal were considered: M = 6.5 X 10° m, (m, is the mass
of the free electron), w; = 0.16 eV, w’1 =0.26 eVA_l,
vg1 = 1.08 x 10° m/s, y1 = 1.5. The stoichiometric concen-
tration of conducting holes in TTT,I; crystals was estimated
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Fig. 1 Electrical conductivity in the direction of TTT chains as a
function of temperature

to n, = 1.2 x 10! em™>. Three different values of holes
concentration were considered: the stoichiometric one,
0.9 x 10" em™ and 0.6 x 10" cm™, to which the
dimensionless Fermi energies &g =0.35, 0.2 and 0.1
correspond.

In Fig. 1 the electrical conductivity of the crystal as a
function of absolute temperature is presented.

In stoichiometric crystals, grown from gaseous phase with
D ~ 0.1, an electrical conductivity of g, ~ 10°Q ' m™!
was reported at room temperature [13]. From Fig. 1 it is
observed that g,, increases rapidly with the decrease of the
temperature. For temperatures below ~ 100 K, the fluctua-
tions of lattice constants increase, leading to a smooth
metal-dielectric transition of the Peierls type. This should lead
to a rapid diminution of the electrical conductivity, which is
not considered in the presented physical model. Therefore, the
temperatures higher than 35 K are considered. However, the
theory describes very well the experimentally reported
behavior of the electrical conductivity for a temperature
interval from 180 K up to ~400 K.

From Fig. 1 one observes that g,, decreases considerably
with the decrease of n;, especially at low temperatures.

In Fig. 2 the thermopower (Seebeck coefficient) as a
function of the temperature is presented.

It is observed that S,, grows when the temperature
increases, achieving a maximum for smaller #. In the case of
stoichiometric crystals, the physical model describes very
well the behavior of the Seebeck coefficient for an interval of
temperature 50 K < 7 < 300 K, according with the exper-
imentally reported data [14]. Experimentally it was reported
Sxx = 36 uV/K at room temperature for such crystals with
on=10° Q'm™. Unfortunately, measurements for
T > 300 K were not realized. From numerical calculations it
is predicted that values of S,, up to ~ 140 pV/K could be
obtained for a wide interval of 7, if the concentration of
holes is diminished by two times.

In Fig. 3 the thermoelectric power factor as a function of
the temperature is presented.



124

200 T |

F—p=1.2%10" cm™”

[= = n=09*10" cm®
150} n=0.6%10" cm”

[D,=0001 e

[ o T COMBUE . KT O e
1001

xx

S (T), 10" VIK

400

200

Fig. 2 Thermopower in the direction of TTT chains as a function of
temperature

30f ! ' ' 1
1.2%10" ¢m™
0.9%10° em™
0.6%10" em™
D, = 0.001

—_—

== N

xx

P (T), 107 Wm'K?
(%]
o

35 100 200 300 400
T,K

Fig. 3 Thermoelectric power factor along TTT chains as a function of
temperature

From experimental data at room temperature, the crystal
of TTT,I; should exhibit a power factor P, = axxSiX =
0.13 x 107 Wm™ K™% It was reported experimentally,
that the electrical conductivity of crystals growth from gas-
eous phase could increase up to 10° Q™' m™'. In this case,
the power factor is ~107> Wm™' K2, a very prospective
value. Such results are achievable, since the crystal admits
non-stoichiometric compounds. Moreover, it was demon-
strated that the thermoelectric properties can be significantly
enhanced by accurate tuning of holes concentration and
further purification of the crystal.

From Fig. 3 it is observed that with the increase of temper-
ature, P, firstly increases, achieves a maximum, after that
decreases. The position of this maximum depends on the charge
carrier concentration and is displaced toward higher tempera-
tures as the concentration is diminished. This is favorable for the
enhancement of P, at room temperatures, since the maximum
can be displaced by tuning the concentration of holes. For
temperatures lower than ~ 100 K, the numerical results have
only qualitative meaning, since the physical model does not
consider the metal-dielectric transition.

The numerical calculations are performed for crystals
with a medium purity level, when the dimensionless scat-
tering parameter is D = 0.3. In this case, values of P,, ~ 3,

I. I. Sanduleac et al.

9and 13 x 107> Wm™' K2 are predicted for three different
concentrations of holes, n = 1.2, 0.9 and 0.6 x 10%! ¢cm ™ at
room temperature. For higher temperatures, the power factor
decreases because of the rapid diminution of the electrical
conductivity (see Fig. 1). The decrease of charge carrier
mobility is caused by the increasing intensity of scattering
processes on thermally activated lattice defects. For instance,
at T=400K, P,, ~ 2,7 and 10 x 107> Wm ' K2 It is
observed (Fig. 3) that P,, decreases more rapidly with the
temperature increase for lower concentration of holes,
because of the rapid decrement of the Seebeck coefficient
(see Fig. 2). For comparison, in BiyTe;, P ~ 4 X 1073
Wm™' K.

5 Conclusions

The electrical conductivity, the thermopower and the ther-
moelectric power factor are modeled for nanostructured
organic crystals of TTT,I; as a function of temperature for
different values of charge carrier concentrations. It is found
that the crystal has prospective thermoelectric properties for
a wide interval of temperatures, from ~ 180 K up to 450 K.
In order to increase the power factor, some enhancement
techniques are proposed, such as the carrier concentration
tuning and the purification of the crystal. It was obtained the
thermoelectric power factor could be enhanced for high
temperatures if the hole concentration is diminished. Values
of Pieup to 13 x 107> Wm™' K2 are predicted for crystals
with holes concentration by two times lower than the stoi-
chiometric one. In this case one could obtain a thermoelec-
tric power factor of about 3 times higher than in BiyTes.
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Sh. Kazaryan, M. Petrosyan, L. Rshtuni, V. Dabaghyan,

and A. Hovhannisyan

Abstract

Nanoparticles green synthesis by plants and extracts is
very cost-effective and can be used as an economic and
environment friendly alternative in large-scale produc-
tion. But the effect of these structures on the liver isn’t
fully investigated. In this study green silver nanoparticles
(AgNPs) were synthesized by O. araratum 50% ethanol
extract that has the highest antiradical activity. It was
found that treatment by O. araratum extract leads to rats’
liver structure normalization and normalization of liver
injury markers’ activity. Meanwhile, AgNPs at 20 mg/kg
body weight dose leads to fibroblasts activation and
fibrosis.

Keywords
Green silver nanoparticles ¢ Extract ¢ Ocimum
araratum * Hepatotoxicity ¢ Fatty liver

1 Introduction

According to 2016 WHO report liver diseases are among the
ten most common causes of death [1]. Although the causes
of liver pathologies are multifactorial, permanent sources of
cellular stress (oxidative stress, apoptosis, LPS) play a cru-
cial role in disease progression [2]. The danger of liver
diseases consists in clinical manifestations at the late stages,
when drug treatment is impossible.

In addition to NPs’ potential use in medicine, they have
been actively used in the production of various cosmetic
means, packaging materials, textile, electrical devices, etc.
Due to the increasing pace of nanotechnology development
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and use of nanoparticles (NPs) in various fields, people
contact with this type of materials becomes inescapable [3].
With such diverse and increasingly extensive use of NPs, the
question of their safety for health is still relevant.

The aim of this work was to obtain green silver NP
(AgNPs) and investigate their effects on albino Wistar rats’
injured liver biochemical markers’ activity.

2 Materials and Methods
2.1 Extracts Preparation and Detection
of Antiradical Activity

O. araratum dry leaves after mechanical homogenization
were exposed to ultrasound (Ultrasonic Homogenizer,
Sonic-150W, MRC, Israel). 96, 70, 50, 25% ethanol and
distilled water were used for extraction. After 24 h incuba-
tion extracts were centrifuged at 3000 rpm for 15 min
(Jouan GR412, UK). Antiradical activity (ARA) was deter-
mined by free radical 2,2-diphenyl-1-picrylhydrazyl (DPPH)
extinguishing detection at 517 nm using a UV/Vis spec-
trophotometer JENWAY 6405 UK) [4].

2.2 Green Silver Nanoparticles Synthesis

Green silver nanoparticles (AgNPs) were obtained by adding
an Ag" salt solution to an O. araratum extract in volume
ratio of 1:6. The size and shape of the NPs were investigated
by SEM (SEMLEO-1430 VP, Carl Zeiss, Germany) [5].

2.3 Experimental Procedure

The study of toxic effects was leading on adult males of
white outbred Wistar rats (200 = 10 g). All manipulations
with animals were carried out in accordance with Yerevan
State Medical University’s Ethical Committee Principles of
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Laboratory Animal Care (Armenia) and Council of Euro-
pean Communities decision (2010/63/EU). Animals were
divided into 4 experimental groups of 3 rats each, with
intraperitoneal injection: group 1—control; group 2—CCl,
(0.5 ml/kg); group 3—O. araratum 50% ethanol extract
(0.017 mg/ml); group 4—AgNPs in O. araratum extract
(20 mg/kg). Injections were performed twice a week for
2 months. In group 3 and 4, extract and NPs treatment was
carried out after liver injury by CCly for 2 months.

2.4 Histological Examination

Histological examination was held at “Armenia” hospital
(Armenia, Yerevan). All animals were sacrificed by decap-
itation at the end of the experimental period. Liver was
removed immediately and a portion of the tissue was
instantly fixed in 10% formalin. Fixed tissues were embed-
ded in paraffin wax and sections of 4 mm thickness were cut.
Slides were stained with haematoxylin-eosin for histological
examination [6].

2.5 Biochemical Analysis

Blood plasma biochemical analysis (AST, ALT, ALP, total
protein, albumin, total cholesterol, HDL, LDL) was per-
formed on a UV-VIS18 spectrophotometer (MRC, Israel)
with commercial standard reagent kits (BioSystems, Spain).

2.6 Statistical Analysis

Statistical data processing was performed using the ANOVA
program. Statistical significance was set at p < 0.05.

3 Results
3.1 Total Antiradical Activity of O. araratum
Extracts

Extracts of various plants are used as reducing and stabi-
lizing agent for AgNPs biosynthesis. Among all investigated
extracts the highest ARA had O. araratum 50% ethanol
extract (ICs9 = 0.26 £ 0.04 mg/ml), that was chosen for
AgNPs synthesis (Fig. 1).

3.2 AgNPs Synthesis

AgNPs synthesis began in a few minutes. A black color
appeared after addition of salt, indicating formation of
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Fig. 1 IC5y and FTC (total flavonoids content) in different O.
araratum extracts. O. araratum 50% extract shows the highest
antiradical activity (IC50 = 0.26 £ 0.04 mg/ml) and the highest
amount of total flavonoids content (36.3 £ 0.8 pg/ml)

4 Mag = 8.04 K)Signal A=SE1  Date 29 Apr 2019
WD = 12mm Phote No. = 8784 Time 16:21:11

EHT = 19.96 kv

L e e

Fig. 2 SEM pictures of silver powder granulate deposited on a carbon
strip

nanoparticles. Synthesis was completed after 24 h incuba-
tion. By this method silver NPs with diameter 6—18 nm were
synthesized (Fig. 2).

3.3 Histological Examination

In control group, the liver sections exhibited the normal
architecture of hepatic lobules. Each lobule is formed of
cords of hepatocytes radiating from the central vein.
Examination of group 2 animals’ liver sections revealed the
presence of centrilobular necrosis, hepatocytes’ diffuse
atrophy and fatty degeneration, what indicate fatty liver
disease (Fig. 3b) [7]. Histological examination of group 3
rats’ liver found a normal lobular structure (Fig. 3c). But
large amount of neutrophils and lymphocytes were detected
inside the lobules and around the triads; proliferation of bile
capillaries was also detected. In group 4, areas of hepato-
cytes regeneration and false lobules were detected. Around
triads among neutrophils and lymphocytes were found active
fibroblasts (Fig. 3d).
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Fig. 3 Liver histopathology (a)
(100x). Liver sections of:

a control group rat liver; b treated
by CCly; ¢ treated by O. araratum
extract; d treated by AgNPs’
stabilized in O. araratum extract

(c)

(b)

3.4 Biochemical Analysis

As shown in Table 1, in group 2 toxic agent exposure leads
to liver injury markers activity increase: more than 7 times
for ALT, 5 times for AST and 8 times for ALP. At the same
time, increasing in total cholesterol and all lipoprotein
fractions is observed.

In the experimental group 3, the activities of ALT and
ALP are reduced by 4.5 and 8 times in comparison with the
control group. The activity of AST elevated relative to the
control group, but it still remains within the reference values.
O. araratum extract exposure leads to hypolipidemic effect
that accompanied by all lipoprotein fractions descension.
The extract leads to an increase in total protein content, but

Table 1 Biochemical markers of

albumin content decrease by 5.5 times relative to the control
group.

In the experimental group 4, the activities of ALT, AST
and ALP also reduced a few times in comparison with the
group 2. There is also a hypolipidemic effect; however,
unlike group 3, there is a decrease in total protein content
and normalization of albumin values.

4 Discussions

The frequent use of nanoparticles in various areas of material
production has led to the problem of finding a new, more
profitable and safe method for their synthesis. NPs green

Group 1 Group 2 Group 3 Group 4
experimental rats liver function
ALT (U/L) 10.6 + 0.10 76.6 + 0.17 2.4 4+ 0.02 2.9 4+ 0.01
AST (U/L) 53+£0.13 15.9 £ 0.03 7.7 £ 0.01 2.9 +£0.01
ALP (U/L) 14.7 £ 0.03 117.5 £ 0.15 1.8 £ 0.01 3.7 £0.01
Total cholesterol (mM/1) 2.9 4+ 0.02 3.7 £ 0.001 1.40 &+ 0.02 2.1 +£0.01
HDL (mM/L) 0.8 = 0.002 1.2 £ 0.01 0.6 £ 0.01 0.6 £ 0.01
LDL (mM/L) 2.1 £0.01 2.5 +£0.03 0.7 £ 0.01 1.5 £0.02
Total protein (g/L) 36.7 £ 0.01 59.9 £ 0.02 61.9 &+ 0.02 227 +£0.02
Albumin (g/L) 16.9 £ 0.03 24.6 £ 0.03 3.1 £0.02 13.1 £ 0.03
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synthesis by plants and extracts is very cost-effective and can
be used as an economical and environment friendly alter-
native in large-scale production. In the method of green
synthesis, extracts of various plants are used as reducing and
stabilizing agents for AgNPs, what solves many problems of
other methods. And, if the safety of the synthesis technique
is proven, the determination of the effect of those structures
on organs and systems hasn’t been fully investigated yet [8].

To compare the effect of green AgNPs on the detoxifi-
cation system of the body, the most convenient is the model
of CCl, treatment, where a classic picture of liver injury is
observed (Fig. 3). The mechanism of hepatotoxic effect is
based on free radicals action, and those radicals are form
from CCly by cytochrome P450 liver enzymes [9]. At first,
in the liver they are able to directly cause lipid and other
structures peroxidation, what leading to hepatocytes necro-
sis. Secondly, they can covalently bind to hepatocytes’
membrane proteins, inhibit lipid secretion and increase their
synthesis. All this can lead to steatosis, fatty degeneration,
fibrosis and cirrhosis. Thirdly, disturbance of intracellular
Ca®* homeostasis can also be the cause of hepatocytes
necrosis [10]. The similar picture is observed from the group
2 histological (Fig. 3b) and biochemical (Table 1) assays
results. However, O. araratum extract treatment leads to the
normalization of liver structure and liver injury markers’
activity (Fig. 3c, Table 1).

The results of our research correlate with literature data
[11]. Meera et al. (2009) in vitro experiments showed that
Basil extract has significant activity in the removal of super-
oxide and nitric oxide radicals [12]. Dasgupta et al. (2007)
found that O.basilicum increases the activity of phase I and
phase II drug-metabolizing enzymes, increases the activity of
hepatic glutathione reductase, superoxide dismutase and
catalase in the mice’ liver [13]. The authors of those papers
argue that basil extract’s effects provided by a large amount of
flavonoids and terpenoids, but in O. araratum 50% ethanol
extract we found a large amount of rosmarinic acid (RA) [14].

RA is a secondary metabolite with strongly antiradical
and hepatoprotective properties. The RA presence provides
O. araratum extract manifested effects. According to Hasa-
nein et al., RA at dose 50 mg/kg can leads to the formation
of regeneration sites with preservation of apoptotic centers
[15]. Given the fact that the content of RA in 50% O.
araratum ethanol extract is about 10* times less
(5.43 pg/ml), it’s not surprising that in the liver tissue
hemorrhagic areas and areas of immune cells infiltration is
found. However, O. araratum extract treatment (group 3)
leads to the liver synthetic function decrease, what is a
manifestation of the extract dose-dependent effect [16].

In studies of some authors, it is reported that liver is the
main organ for AgNPs accumulation [17]. It was also shown
that AgNPs reduce the ATP content in cells, cause mito-
chondria damage and increase the ROS production in a

Sh. Kazaryan et al.

dose-dependent manner. However, the biochemical results
of our studies didn’t reveal direct evidences of green AgNPs
toxic effect on rats’ liver. Moreover, the group 4 biochemical
analyzes results can judge only about manifested hepato-
protective properties. AgNPs in addition to liver damage
markers activity normalization also led to liver synthetic
function activation. However, apparent at first glance hep-
atoprotective effect in group 4 is wrong, because histological
analysis revealed the presence of active fibroblasts, which
indicates the initial stage of liver fibrosis, that can’t be
detected by biochemical analyzes.

So it can be argued that green AgNPs with diameter 6—
18 nm at 20 mg/kg body weight dose leads to the normal-
ization of injured liver biochemical markers at the beginning,
but also leads to fibroblasts activation and fibrosis.
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Abstract

Both undoped and chromium doped zinc oxide nanocrys-
tal powders are obtained by chemical deposition and
hydrothermal methods. ZnO and ZnO:Cr thin layers on
the surface of ZnSe and ZnSe:Cr samples, respectively,
are obtained by isovalent substitution of selenium by
oxygen in the process of thermal treatment of the samples
in air. Photoluminescence spectra of the ZnO and ZnO:Cr
nanopowders and thin layers obtained by various tech-
niques are investigated at room temperature. Cr doped
ZnO powders obtained by chemical deposition and
hydrothermal methods improves the powder quality, as
evidenced exciton emission is more intensive. New
emission bands are found in visible (615 nm, 625 nm)
and infrared (925 nm, ~2000 nm) spectral ranges for
ZnO:Cr nanopowders and thin films. The contribution of
Cr impurity to the formation of emission bands is
discussed.

Keywords
Photoluminescence ¢ Zinc oxide * Chromium ¢
Nanocrystal ¢ Thin layer

1 Introduction

Wide-bandgap semiconductors are widely used for opto-
electronic devices due to high optical transparency in visible
range. Introduction of various impurities into these materials
expands their application area. Zinc oxide is one of the
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materials with optical and radiative properties extensively
investigated. Thus, manganese impurity (Mn) introduced
into zinc oxide is responsible for new photoluminescence
(PL) bands in visible range [1]. Doping of ZnO samples with
chromium (Cr) ions quenches the ultraviolet (UV) PL band
and forms a PL band in visible range [2, 3]. However, it is
established that doping zinc oxide with chromium impurity
is very hard in the process of chemical synthesis of the
material.

In this paper, we have made a comparative analysis of
radiative properties of ZnO and ZnO:Cr nanopowders and
thin layers obtained by various techniques. The purpose of
this analysis is the selection of the ZnO:Cr synthesis method
that allows the most efficient doping of the samples with
chromium impurity.

2 Experimental

ZnO and ZnO:Cr nanocrystal powders were synthesized by
chemical deposition from water solutions and hydrothermal
method. Identical equimolar (1:1) solutions of Zn(NOs),
6H,0 zinc nitrate and Cs(NH3), hexa-methylenetetramine
were used for both synthesis methods. Initially,
impurity-free ZnO powders were synthesized. Then, Cr
impurity was added to initial solution before starting the
synthesis. As a dopant, CrCl; trivalent chromium chloride in
amount of 50 mg per 300 ml of initial solution was used. It
is worth mentioning that this chloride does not dissolve in
water at room temperature and practically does not dissolve
at higher temperatures. After completing the synthesis, a
sediment of zinc oxide white powder and chromium
(IIT) chloride microcrystals of the same violet color as before
the synthesis was found at the bottom of reaction cell. A part
of zinc oxide powder without chromium (III) chloride was
used for fabrication of the samples to study luminescence.
A sediment obtained after hydrothermal synthesis also
contained ZnO powder, as well as an unreacted impurity.
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However, the impurity color was changed to green, which is
characteristic for chromium oxide. Apparently, under the
influence of higher temperature (~ 180 °C) in comparison
with chemical deposition, chromium chloride was trans-
formed to chromium oxide. Express-control of luminescent
properties of the fabricated powders under laser excitation
with 405 nm has shown that the emission color of undoped
and doped powders differ. This gives reason to suppose that a
number of Cr ions was incorporated into zinc oxide structure.

Polycrystalline ZnO layers on the surface of ZnSe sam-
ples and ZnO:Cr layers on the surface of ZnSe:Cr samples
were obtained by isovalent substitution of selenium by
oxygen in the process of annealing the samples at 830 K in
air during 30 h. The initial ZnSe samples were grown from
melt by zone melting technique. The doping of the samples
was carried out in the process of the sample annealing in
Zn + 3.2 at.% Cr melt at 1180 K during 100 h.

PL spectra of ZnO and ZnO:Cr nanopowders and thin
layers were investigated in the wavelength range between
360 and 2500 nm at room temperature under laser excitation
with 337, 473 and 532 nm. The spectra were registered
using MDR-23 monochromator, FEU-100 photomultiplier
and PbS-based detector.

3 Results and Discussion

Figure 1 shows visible-range PL spectra of undoped and
Cr-doped ZnO samples registered under UV laser excitation
(Aexc = 337 nm).

The samples may be qualitatively separated into 2 groups:
the weakly-doped samples (ZnO:Cr nanopowders, Fig. la,
b) and highly-doped samples (ZnO:Cr layers fabricated on
the surface of ZnSe:3.2 at.% Cr crystals, Fig. 1c). The
exciton PL bands with maxima located between 381 and
392 nm are observed in the PL spectra of all the investigated
samples. There are also wide PL bands in the
long-wavelength region of visible spectrum. These bands in
the range between 500 and 700 nm are usually associated
with native defects of ZnO, such as V5 and V_, vacancies,
Zng and Zn; anti-structural defects, Zn; — Vg, transitions.
Vo and Vy, vacancies in various charge states are consid-
ered to be the main defects responsible for the
long-wavelength PL bands. The PL band near 490 nm is
attributed to the transition of free electron to Vg level, while
the PL band with maximum near 550 nm (Fig. la) is
attributed to the transition of free electron to V,, level [4].

The edge PL band for ZnO thin films obtained by iso-
valent substitution is more intensive than that for ZnO
powders obtained by chemical deposition (Fig. lc, curve 1).
This gives reason to suggest that ZnO films fabricated on the
surface of ZnSe crystals have more perfect structure.
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Fig. 1 PL spectra of ZnO (1) and ZnO:Cr (2) samples obtained by:
a chemical deposition; b hydrothermal method; ¢ isovalent substitution.
Aexc = 337 nm. T = 300 K

Doping of ZnO powders with Cr enhances the edge PL
intensity (Fig. la, b). For the powders obtained by chemical
deposition method, the long-wavelength PL also increases
(Fig. la, curve 2), while for the powders obtained by
hydrothermal method, it decreases (Fig. 1b, curve 2). These
variations in the PL spectra seem to be caused by substitu-
tion of zinc vacancies by chromium ions.



Luminescent Properties on ZnO:Cr Nanocrystals and Thin Layers

At the same time, the formation of ZnO:Cr thin layers as
a result of oxidation of ZnSe:Cr crystal surfaces leads to an
opposite effect. Isovalent substitution of selenium atoms by
oxygen atoms induces a sharp decrease in PL bands intensity
both for edge and long-wavelength spectral ranges (Fig. 1c).
It is likely caused by the fact that high concentration of Cr
leads to increasing concentration of structural defects and
increasing number of non-radiative recombination channels.
Another probable explanation is the formation of Vg, + Cr
complexes, which are characteristic for the samples saturated
with oxygen [5].

Figure 2 shows normalized PL spectra of ZnO and ZnO:
Cr powders and thin layers in the long-wavelength visible
range under laser excitation with 473 nm (Fig. 2a) and
532 nm (Fig. 2b). The PL spectra of both undoped and
Cr-doped ZnO powders obtained by chemical deposition and
hydrothermal method consist of a wide band with maximum
at 530 nm under laser excitation with 473 nm. The doping
of ZnO powders with Cr leads to decreasing intensity of this
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Fig. 2 Normalized visible PL spectra of ZnO (1, 3, 5) and ZnO:Cr (2,
4, 6) samples obtained by: 1, 2—chemical deposition; 3, 4—
hydrothermal method; 5, 6—isovalent substitution. Ay, nm: 473 (a);
532 (b). T = 300 K
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PL band and to appearance of a feature on its
long-wavelength wing near (615-620) nm. The PL spectra
of undoped ZnO thin layers consist of the band with maxi-
mum at 590 nm and a feature near 615 nm (Fig. 2a). The
formation of ZnO:Cr thin layers leads to a shift of the PL
band towards long wavelengths due to increasing contribu-
tion of the emission at 615 nm.

The increase of excitation wavelength to 532 nm has no
influence on the structure of the PL bands. For all undoped
and Cr-doped samples, except for ZnO:Cr thin layers, PL
maximum is localized at 580 nm (Fig. 2b). Similarly to the
previous excitation energy, introduction of Cr into the sam-
ples decreases the PL band intensity and slightly broadens it
towards long wavelengths. In the PL spectrum of ZnO:Cr
thin layers, the PL band is localized at 625 nm (Fig. 2b).

Figure 3 shows infrared (IR) PL spectra of ZnO:Cr
nanopowders and thin layers. For ZnO:Cr powders obtained
by chemical deposition method, a wide PL band with
maximum at 925 nm is observed. Intensity and spectral
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Fig. 3 IR PL spectra of ZnO:Cr samples obtained by chemical
deposition (a) and isovalent substitution (b). Aexe, nm: 473 (1); 532 (2).
T =300 K
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position of the maximum of this band are independent on
excitation wavelength (Fig. 3a). For ZnO:Cr thin layers
obtained by isovalent substitution method, a PL band with
maximum near 2000 nm is observed (Fig. 3b). Intensity of
this PL band, which may be attributed to intracenter transi-
tions within Cr** ions CE — °T) [6], increases with
increasing excitation wavelength.

4 Conclusions

The technology of ZnO nanopowder synthesis by chemical
deposition and hydrothermal methods, as well as of the
doping with Cr during the synthesis, is elaborated. The
obtaining of ZnO and ZnO:Cr thin layers by isovalent sub-
stitution of selenium by oxygen in the process of
high-temperature annealing of ZnSe and ZnSe:Cr samples in
air is also demonstrated.

It is established that the PL intensity decreases in both
edge and long-wavelength spectral ranges for Cr-doped ZnO
thin layers, irrespective of excitation energy. The same
behavior is observed for ZnO:Cr nanopowders at low-energy
excitation  (Aeye = 473 nm, 532 nm), while under
band-to-band excitation (A = 337 nm), PL intensity in
visible range rapidly increases.

New emission bands in visible (615, 625 nm) and IR
(925, ~2000 nm) spectral ranges are found in the PL
spectra of ZnO:Cr samples at room temperature.
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Abstract

For the first time in the crop technology, the effect of
aqueous dispersions of nanoparticles was investigated on
seeds of parental forms and their reciprocal hybrids,
making it possible to effectively use this factor in plant
breeding and genetic practice. The received data can be
used to select optimal pairs for crossing and obtain new
promising hybrids. It was shown the stimulatory, anti-
fungal and thermo-resistant action (increase of resistance
to pathogenic fungus) of water dispersed solutions of
silver and copper nano-particles on seeds of winter
triticale. The antifungal effect of the nanofactor is more
effective than of the potassium permanganate. In terms of
seed germination energy and sprout length of winter
wheat (parent varieties and their reciprocal hybrids) we
revealed the stimulatory and antifungal action of aqueous
dispersions of silver, copper, bismuth, and zinc oxide
nanoparticles on the seeds. The maternal effect is revealed
—the primary influence of the maternal form on the
physiological parameters of the hybrid.
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1 Introduction

Aqueous dispersions containing nanoparticles of various
substances have bactericidal and fungicidal effects on a plant
object (Ling and Yatts 2005; Zhu et al. 2008; Yatts and Ling
2007; Morgalev et al. 2010; Glushchenko et al. 2006).

They also function as trace elements of the mineral
nutrition of plants of prolonged action, increasing the
adaptive potential of the plant organism. Nanoparticles are
electrically neutral, which allows them to be evenly dis-
tributed in the film former and develop a thin layer to
envelop the seeds. This provides reliable seed protection
from pathogens. Oxidizing gradually in the soil, nanoparti-
cles create unfavorable conditions for pathogenic microor-
ganisms and at the same time are used by plants as trace
elements in the process of growth (Zhu et al. 2008; Yatts and
Ling 2007; Morgalev et al. 2010; Glushchenko et al. 2006;
Panichkin and Raikova 2009; Raikova 2004).

Nanopowders have extremely huge specific surface area
(of the order of several hundred square meters per 1 g),
therefore, they can be effectively used in micro-doses. Thus,
for the pre-sowing treatment of 1 ton of seeds is used only
few milligrams of nanopowder (Ling and Yatts 2005), which
at the same time ensures ecological safety of both the
environment and the bioproduct. Herewith, the toxicity of
metal nanopowders is 10—40 times less than the toxicity of
salts of the same metals (Glushchenko et al. 2006).

We began intense research on nanotechnology in crop
production in 2014 (Maslobrod et al. 2014). The task was to
study the effect of aqueous dispersions (AD) of nanoparticles
(NP) of various metals and their oxides on seed germination of
parental forms (varieties) and reciprocal hybrids of tomato and
wheat, as well as on the resistance of these seeds to pathogenic
fungi and low temperature (Maslobrod et al. 2017). The data of
such studies can be taken into account when selecting parental
pairs for crossing in order to obtain productive and environ-
mentally sustainable hybrids. This publication reflects the
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results of ongoing research in this direction using both other
types of nanoparticles and genotypes.

2 Materials and Methods

Experiments were conducted in the Laboratory of Applied
Genetics of the Kursk South-West State University (Russia)
where the nanoparticles were obtained and characterized in
detail (Mirgorod et al. 2012, 2013, 2018) (Fig. 1). Seeds of
winter triticale (variety Ingen93) were used for conducting
the methodological experiment. As parental forms, in the
main experiments, we took seeds of winter wheat (variety):
(1) Odessa 267 and Nikonia, (2) Accent and Select,
(3) Basarabianka and M/M3 and their reciprocal hybrids.
Seeds were soaked in AD of NPAg, NPCu, NPBi and
NPZnO (concentration and exposure are presented in the
results of the study). The seeds were treated with
Helminthosporium avenae fungus (the main pathogen for
cereal seeds) (Methods 1982). Fungus exposure is within
18 h. For comparison, we used 1% potassium permanganate
solution (KMnQOy) in the methodological experiment, with a
1 h exposure. When evaluating the thermo-resistant effect of
the nanofactor, the seeds were subjected to low temperatures
(+4 °C) during 12 h. After the treatment, the seeds were
germinated in distilled water in Perri dishes at the temper-
ature of 20 + 25 °C. We used 200-300 seeds in each
embodiment. The following signs were taken into consid-
eration: seed germination energy SGE (number of germi-
nated seeds on the 2nd day), length of the sprout root LR (on
the 3rd day), length of the seedling LS (on the 7th day).

3 Results and Discussions
3.1 Methodological Experiment

The aim of this experiment was to compare the antifungal
effects induced by potassium permanganate solution
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Fig. 2 Germination of triticale seeds (variety Ingen 93) under the
action of nanoparticles aqueous dispersions of silver (I), of copper (1),
Helminthosporium avenae fungus (F), potassium permanganate
(PPS) (the arithmetic mean error does not exceed 10%) 1,2,3—
concentrations of NPAg [I], respectively, 8 X 10°°  mol/l,
16 x 10 "mol/l, 32 x 10 *mol/l; of NPCu (I)—8 x 10 °mg/l,
16 x 10 "mg/l, 32 x 10 *mg/l

(PPS) and aqueous dispersions at three different concentra-
tions of NPAg and NPCu. The criterion for assessing the
effect was the operational parameter seed germination energy
(Fig. 2). When using AD of NPAg, stimulation was obtained
by 72% and 56% at NP concentration respectively 16 x 107’
mol/l and 32 x 10~ mol/l. The antifungal effect was
observed from both the nanofactor and PPS. The nanofactor
turned out to be more effective than PPS: the fungus+NPAg
variant was 4 times more effective than the fungus variant,
and the fungus+PPS variant was 2.4 times more efficient. In
general, the antifungal effect was 1.7 times higher than that of
PPS. When using AD of NPCu, the concentrations were
calculated in mg/l. Stimulation was obtained at the concen-
tration of 32 x 107® mg/l and it increased by 32%. The
antifungal effect was obtained at the NP concentration of
32 x 107® mg/l, exceeding the fungus variant by 1.6 times.
The PPS increased the negative effect of the fungus by 3.4
times. In further experiments, AD of NPBi, NPCu, NPZnO
were used at stimulative concentrations: 10~ mg/l, and AD
of NPAg at 10~ mol/l concentration.
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Fig. 1 General view of nanoparticles of copper (a), silver (b) and bismuth (c) used in our research. Images were developed by Mirgorod et al.

(2012, 2013, 2018) and reprinted here with permission of the author
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3.2 Evaluation of the Stimulatory, Antifungal
and Thermo-Resistant Action of Aqueous
Dispersions of Nanoparticles on Seeds
of Parental Forms and Winter Wheat
Hybrids

As can be seen in Table 1, AD of NPBi, by the seed ger-
mination energy (SGE) parameter, has a significant stimu-
latory effect on all the genotypes—the parent forms
Odessa267 and Nikonia and their reciprocal hybrids: the
excess of SGE is by 1.75, by 1.53, by 1.36 and by 1.69
times. Here there is revealed a predominant influence of the
maternal form on the SGE of the hybrid.

Aqueous dispersion of NPZnO also has a stimulating
effect on the three genotypes (in the same parental forms and
hybrids, the excess of SGE was by 1.20, by 1.57, by 1.44
and by 1.03 times). The maternal effect is again observed
(Table 1). With the same genotypes, the stimulating and
antifungal action of the nanofactor (AD of NPAg) was tested
by a different parameter—the length of the seedling sprout
(Table 1). The stimulation effect was obtained only with
Nikonia seeds. The antifungal effect was observed with
Nikonia, Odessa267-x-Nikonia and Nikonia-x-Odessa267,
excess of the NPAg + Fungus variant over the Fungus
variant being respectively by 1.06, by 1.06 and by 1.16
times).

With the seeds of winter wheat of other genotypes:
Accent, Select, Accent-x-Select, Select-x-Accent, the

Table 1 Seed and seedling parameters of parent wheat forms and
dispersions and fungus

Variant Odessa 267 Nikonia
Control 335+ 3.25 30.0 £+ 3.83
ADNPBI 58.5 £ 3.40%* 46.0 + 0.82*
Control 55.0 £+ 3.00 38.5 £ 2.50
ADNPZnO 66.5 + 2.06* 60.5 + 4.71*
Control 97.6 + 1.18 91.5 £ 1.09
ADNPAg 100.0 £+ 1.65 99.9 + 1.18%#*
Fungus 97.6 + 1.12 90.4 + 1.20
ADNPAg + Fungus 90.3 £ 1.11 95.6 &+ 1.19%*
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stimulating and antifungal effect was tested by the length of
the germ (Table 2). Here, the stimulation is observed with
the AD of NPAg on Accent-x-Select seeds (by 5%) and with
the AD of NPCu on Select seeds (by 9%). The antifungal
effect was not found.

3.3 Evaluation of the Thermo-Resistant Effect
of Aqueous Dispersions with Nanoparticles
on Seeds of Parental Forms and Hybrids
of Winter Wheat

We observed a significant stimulation of the seed germina-
tion energy in the study aimed to assess the thermo-resistant
effect of the nanofactor on the seeds of the parent forms pair
Basarabianka and M/M3 and their reciprocal hybrids
(Table 3): (1) Basarabianka—only in the aqueous dispersion
of the mixture of nanoparticles variant (by 12%), (2) M/M3—
in all variants of the nanofactor: aqueous dispersions of
NPBi, NPCu, NPZnO and of the mixture of nanoparticles
(maximum stimulation was observed in the latter variant—by
64%), (3) Basarabyanka-x-hybrid M/M3—in all variants of
the nanofactor (up to 33%), (4) for the hybrid—practically in
all variants with the nanofactor (up to 17%).

As can be seen, aqueous dispersions of nanoparticles of
three types—bismuth, copper, and zinc oxide, as well as of
the mixture of these nanoparticles have increased seeds
thermal resistance, i.e. the resistance of M/M3 seeds and two

reciprocal hybrids after treating the seeds with nanoparticles aqueous

Odessa267-x-Nikonia Nikonia-x-Odessa 267

40.0 £ 3.07 275 £4.78
54.5 £ 4.03* 46.5 £ 1.26*
44.5 £+ 4.37 59.5 £ 4.57
64.0 £ 3.91% 61.0 £6.13
104.0 £+ 1.40 112.3 £ 1.08
99.1 £ 1.18** 110.1 £ 1.17
973 £ 1.31 959 £ 1.15

103.6 £+ 1.09%* 111.1 £ 1.22%**

* kx kkx _ differences are significant compared with the control at a confidence level, respectively 0.95, 0.99, 0.999

Table 2 Sprout length of parent wheat varieties and reciprocal hybrids when treating the seeds with nanoparticles aqueous dispersions and

fungus, mm

Variant Accent Select Accent-x-Select Select-x-Accent
Control 81.1 + 1.27 75.6 £ 1.30 844 + 1.20 84.8 + 1.08
ADNPAg 81.7 + 1.06 74.4 £ 1.09 89.0 £ 1.42%* 84.0 £ 1.02
ADNPCu 79.6 £ 1.24 82.7 £ L.11%%* 853 + 145 86.7 + 1.21
Fungus 76.8 + 1.28 76.8 £ 1.47 842 + 1.11 84.5 £ 1.25
ADNPAg + Fungus 78.7 + 1.12 742 £ 1.18 80.8 + 1.10 853 £ 1.21
ADNPCu + Fungus 742 £ 1.15 74.3 £ 1.19 827+ 1.22 81.6 + 1.32

* k% k% differences are significant compared with the control at a confidence level, respectively 0.95, 0.99, 0.999
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Table 3 Seed germination Nanoparticle Basarabianka M/M3 Basarabianka-x-M/M3  M/M3-x-Basarabianka

energy of parental forms and aqueous

reciprocal winter wheat hybrids dispersions

treated with nanoparticles

aqueous dispersions subjected to Control 48.7 + 2.40 333 +£3.71 42.7 £ 1.20 347 + 2.68

subsequent action of a ADNPBI 54.7 £ 1.76 48.0 £ 1.00%* 56.7 £ 4.09* 58.0 £ 4.58%*

[t t f +4 °C, in %

emperature of +2 7, 1 % ADNPCu 500+ 231 447 £328% 547 + 396+ 46.7 % 0.83%+
ADNPZnO 54.0 £ 1.52 473 £+ 3.17* 56.7 4 2.33%** 413 £ 1.77
AD> NP 61.0 £ 3.27%  54.0 &£ 2.54*** 487 £ 1.67* 46.7 £ 3.84%*
*, % wx% - differences are significant compared with the control at a confidence level, respectively 0.95,
0.99, 0.999

Table 4 Length of coleoptiles Nanoparticle Basarabianka M/M3 Basarabianka-x-M/M3 | M/M3-x-

seedlings of parental forms and aqueous Bacapabsika

reciprocal hybrids of winter dispersions

wheat, after seeds treating with

water dispersions of nanoparticles ~ Control 23.6 £ 0.88 19.7 £ 091 19.7 £ 0.94 20.0 £ 0.98

and subjected to subsequent ADNPBi 30.6 £ 0.96%*% 297 £ 0.91%*%* 257 £ 1.48% 23.9 £ 1.07*

t t f + 4 °C,

emperature of i ADNPCu 23.4 +0.87 217 + 1.02 295 + 1125+ 267 + 0.81%%+
ADNPZnO 25.6 £ 0.87 20.4 £ 0.80 27.9 £ 0.92%%* 29.2 £ (0.88%%*
AD> NP 25.9 £ 1.00 23.1 £ 1.07* 21.8 £ 0.64 26.3 £ 0.91%%*
* k% xxk - differences are significant compared with the control at a confidence level, respectively 0.95,
0.99, 0.999

T:«.lble 5_ Plant mass factors of Variant Number of Length of the main ~ Number of Weight of 1000 | Yield from a

winter Frmcale (van?t'y Ingen-93) shoots (%) stem (cm) stems (pcs.) grain (g) plot (g)

grown in field conditions after

pre-sowing seed treatment with Control | 659 + 1.2 95.6 £ 1.03 2.05 £ 0.21 51.5 1551 + 40

nanoparticle aqueous dispersions  Test 754 £ 2.0%% 963 £ 1.23 221 £ 0.20 50.5 2426 £ 45+

of Ag
0.99, 0.999

reciprocal hybrids to low positive temperature, causing more
active germination compared with the control. The pre-
dominant influence on one of the parental forms of the
hybrid was not found.

For the same objects, the following results were obtained by
the coleoptiles length parameter (Table 4): (1) aqueous disper-
sions of NPBi caused significant stimulation in all genotypes
(up to 50% in M/M3), which generally coincides with the data
on the seed germination energy parameter, (2) with the hybrids
it was observed a stimulation in all variants of AD of NP (with a
maximum for NPCu (by 50%) and NPZnO (by 46%). Here,
aqueous dispersions of all types of nanoparticles cause a more
pronounced increase in the thermo-resistance level in hybrids.

3.4 Effect of Pre-sowing Treatment of Triticale
Seeds with Water Dispersion of Silver
Nanoparticles on the Productivity of Plants
in Field Conditions

A small-plot experiment was carried out (accounting plot
being of 4 m?) in three replications, on the IGPPP field site
in order to check the effectiveness of pre-sowing seed

* kx kxk _ differences are significant compared with the control at a confidence level, respectively 0.95,

treatment (using winter triticale Ingen93 variety as an
example) with water dispersion of silver nanoparticles at a
concentration of 10”7 mol/l. The same concentration turned
out to be simulative in laboratory conditions. The increase in
plant productivity (yield from a plot) by 56% (Table 5) was
revealed. This growth was caused, in our opinion, by the
increase of the following plant mass factors: (1) number of
seedlings, (2) length of the main stem and (3) number of
productive stems of the plant grown from a single grain.

4 Conclusions

1. For the first time in the crop technology, the effect of
aqueous dispersions of nanoparticles was investigated on
seeds of parental forms and their reciprocal hybrids,
making it possible to effectively use this factor in plant
breeding and genetic practice. The received data can be
used to select optimal pairs for crossing and obtain new
promising hybrids.
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2. The research has revealed changes of seed germination
parameters in winter triticale seeds (Ingen 93 variety).
Aqueous dispersions of silver and copper nanoparticles
produce simulative and antifungal effects increasing seed
resistance to the pathogenic fungus. The antifungal action
of the nanofactor is more pronounced than of the
potassium permanganate solution.

3. Simulative and antifungal action on seeds of aqueous
dispersions of silver, copper, bismuth and zinc oxide
nanoparticles was detected by the parameters: seed ger-
mination energy and sprout length. The study was carried
out on winter wheat (parent varieties Odessa267 and
Nikonia, Accent and Select and their reciprocal hybrids).
The effect depends on the genotype of the seed. The
maternal effect is revealed—the predominant influence of
the maternal form on physiological parameters of the
hybrid.

4. After treating the seeds with water dispersions of
nanoparticles of bismuth, copper, zinc oxide and a mix-
ture of these nanoparticles, increase of seeds thermal
stability is revealed. Winter wheat seeds (parent varieties
Basarabianka and M/M3 and their reciprocal hybrids)
showed an increase in seed germination energy and
length of coleoptiles, being exposed to low temperature
(+4 °C).

5. In a small-plot experiment in field conditions, an increase
by 56% in the productivity of triticale plants (variety
Ingen93) was obtained as a result of pre-sowing treat-
ment of seeds with water dispersions of silver
nanoparticles.

Conflict of Interest The authors declare that they have no conflict of
interest.
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T. Ya. Datsko, V. I. Zelentsov, and D. P. Dvornikov

Abstract
In this study photocatalytic activity of the prepared
nano-sized TiO,-based composite was tested by

decolorisation/degradation of Methylene blue (MB) as a
model pollutant under UV illumination. The composite
was synthesized by a modified heterogeneous hydrolysis
method in the presence of diatomite suspension by using
TiCly as titania precursor. The photocatalyst was found to
be very active for the photocatalytic decomposition of
MB in aqueous solution. The percent decolorization in
60 min was 98% with initial MB concentration 53 mg/L.
The photocatalytic activity was correlated with
physico-chemical properties of the synthesized materials.
There is a synergistic effect of grafting titanium dioxide
onto the surface of diatomite: the photocatalytic activity
of TiO, dispersed on the diatomite surface vas found to be
much higher than of the bulk titania mainly due to the
high surface area and uniform distribution of TiO, on clay
mineral avoiding aggregation.

Keywords
Diatomite ¢ Nanocrystalline TiO, ¢ Photocatalytic
degradation ¢ Methylene blue

1 Introduction

In recent decades water becomes not only an economic, but
also an increasingly important social goods. Drinking water
is an important resource for supporting economic and social
development. However, the intensification of human activity
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has led to the exposure of the aquatic environment to
chemical, microbial and biological pollutants, as well as
micropollutants: liquid effluents containing toxic substances
are waste products from various chemical industrial pro-
cesses, as well as domestic or agricultural origin.

Now new, economic, more effective methods for pollu-
tion control and prevention are required for environmental
protection and waste disposal.

Photocatalytic degradation of pollutant molecules from
water and environment is an interesting technology due to its
low energy, minimum cost and less chemicals used. Cur-
rently available chemical and photochemical technology
permits the conversion of organic pollutants with a wide
range of chemical structures into substances less toxic and/or
more readily biodegradable by employing chemical oxidiz-
ing agents in the presence of an appropriate catalyst and/or
ultraviolet light to oxidize or degrade the pollutant of
interest. These technologies known as advanced oxidation
processes (AOP) or advanced oxidation technologies (AOT),
have been widely studied for the degradation of diverse
types of industrial wastewaters [1]. These processes are
particularly interesting for the treatment of effluents con-
taining highly toxic organic compounds, for which biologi-
cal processes may not be applicable. The production of
powerful oxidizing agents, such as the hydroxyl radical, is
the main objective of most AOP. The hydroxyl radical reacts
rapidly and non-selectively with organic compounds by
hydrogen abstraction, by addition to unsaturated bonds and
aromatic rings, or by electron transfer.

Heterogeneous photocatalysis using semiconductors such
as titanium dioxide can be more interesting than conven-
tional methods for removing organic species in the envi-
ronment. Because the process gradually breaks down the
contaminant molecule, no residue of the original material
remains and therefore no sludge requiring disposal to landfill
is produced. The catalyst itself is unchanged during the
process and no consumable chemicals are required. These
results in considerable savings and a simpler operation of the
equipment involved. Additionally, because the contaminant
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is attracted strongly to the surface of the catalyst, the process
will continue to work at very low concentrations allowing
sub part-per-million consents to be achieved. Taken toge-
ther, these advantages mean that the process results in con-
siderable savings in the water production cost and keeping
the environment clean [2].

Research and development in the area of photocatalysis
today is mainly concerned with the topic of active macro-
scopic surfaces. Initially, the particle surfaces of the photo-
catalysts themselves suspended in water have been
investigated and in the past decades titanium dioxide (TiO,)
has emerged as the most widely used photocatalyst. The
experiments showed that TiO, under UV-illumination is able
to mineralize nearly every organic compound dissolved in
water and, consequently, water purification was proposed as
a potential application [3].

Recently, TiO, which is one of the common photocata-
lysts has been the most widely investigated due to its low
cost, chemical stable and high efficiency properties [4].

Laboratory studies on photocatalysis are typically per-
formed using nano-sized catalyst suspended in the reactor. In
these designs the catalyst is evenly dispersed in the solution
as it passes through the reactor. The uniform catalyst dis-
tribution provides very high surface area to volume ratios
with low mass transfer limitations.

However, from the standpoint of large-scale practical
application and commercial benefits, titania nanoparticles
(TNPs) show disadvantages, which may result in a low
photocatalytic efficiency and high cost. For example: strong
tendency to aggregate, difficult to be recovered from the
solution after treatment and low adsorption capacity. To
overcome these drawbacks, recently many researchers are
focused on immobilizing TNPs on supports having large
surface area and excellent adsorption capacity. This
approach may enhance the TNPs distribution in suspension
which enables to adsorb and concentrate the target sub-
stances. Furthermore, the substances can easily diffuse from
the adsorption site to the photocatalytic surface.

Recently, porous non-metal minerals have been taken
into account as supports of TiO,-based photocatalysts, such
as perlite, zeolite and others due to their low costs [5-9].

The support must meet the following requirements: high
surface areas, good thermal resistance and mechanical sta-
bility, inexpensive, conformable to reactor configuration,
and suitable for coating process. The porous materials are
involved the adsorption of pollutants on the surface sites,
then the photocatalytic degradation of pollutants is
improved, simultaneously [10].

From this viewpoint diatomite is one of the most suitable
supports for titania nanoparticles covering due to its unique
physico-chemical properties.

T. Ya. Datsko et al.

Diatomite (or diatomaceous earth) are mineral deposits of
diatomaceous algae, which accumulated starting from the
Miocene. Amorphous silica, a constituent of the diatom
frustule, is the main component of diatomite, although vari-
able quantities of other materials (metal oxides, clays, salts
(mainly carbonates) and organic matter) may also be present.
Diatomite is abundant in many areas of the world and has
unique physical characteristics, such as high permeability and
porosity (35—-65%), small particle size, low thermal conduc-
tivity and density and high surface area [11-15].

Thus, a combination of diatomite and nano-sized titanium
oxide yields a photocatalyst with a high specific surface and
photocatalytic activity [16-20].

This study presents the photocatalytic properties of com-
posite photocatalyst (DDT) based on TiO, nanoparticles,
immobilized on a porous mineral sorbent as a substrate- dia-
tomite on the example of photodegradation of the generally
accepted model organic pollutant—methylene blue (MB) dye.

2 Experimental

2.1 Materials and Chemicals
The diatomite used in the study was supplied from the
deposits of Vyshkautsy village in the Orgeev region in
Moldova after appropriate cleaning (purification), whose
main composition is Si0, 79.20%, Al,03 5.07%, and Fe,O3
2.40%. Other minerals containing—about 3%. Its medium
particle size is 7.8 pm, specific surface area 36.45 m?/g.
Titanium (IV) chloride (TiCly, 99.9%), hydrochloric acid
(HCl, 38%) ammonia (NH4OH, 25%) were purchased from
Sigma Aldrich.

2.2 Preparation of TiO,/Diatomite Composite

The photocatalyst was prepared via heterogeneous hydrol-
ysis of TiCly as a precursor of TiO, in the presence of dia-
tomite at room temperature and normal pressure. The
obtained product was further washed, dried and calcined at
450 °C for anatase phase development.

2.3 Material Characterization

Crystal structure, chemical composition and adsorption-
structure properties (specific surface area, adsorption pore
volume) in nanocomposite and its components were deter-
mined with XRD, XPS and EDX analyses and low tem-
perature adsorption of nitrogen. The specific surface area and
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adsorption pore volume have been calculated by BET
method from nitrogen adsorption—desorption isotherms.

The crystallite size of nano TiO, particles was estimated
by applying the Debye—Scherer equation [21].

3 Results and Discussion

3.1 Photocatalytic Activity of DDT

MB photodegradation experiments were carried out in a
batch mode under UV illumination in a standard reaction
flask, volume of 250 mL composed of a medium pressure
mercury lamp, 125 W, dominant wavelength 365 nm. The
reaction flask was continuously magnetically stirred and
tempered to (20 & 3) °C. For the analysis, 5 mL samples
were withdrawn from the illuminated suspensions in certain
intervals. After centrifugation of samples at 2500 rpm
analysis of solutions on the MB content was carried out by
determining the absorbance at the characteristic wavelength
of 665 nm using a dual-beam spectrophotometer KFK-2.

In Fig. 1 there are results of dye adsorption without
exposure to UV irradiation and when the suspension of DDT
+ MB is irradiated with UV light.

The data in Fig. 1 show the high activity of the photo-
catalyst during the decolorizing of the dye. Without men-
tioning that the adsorption process is a transfer of a
substance from one phase (liquid) to another (solid surface)
without changing its structure, while photodegradation is
accompanied by the mineralization of the organic compound
to simple non-toxic compounds, usually water, carbon
dioxide and etc. The almost complete degradation took place
for dye concentrations 126 mg/L in 250 min. It is worth
mentioning that the dye does not occur in such concentra-
tions in the wastewater and the decomposition rate will be
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Fig. 1 The MB removal degree by adsorption and through photode-
struction on DDT composite. Cj,= 126 mg/L
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much higher at an initial concentration of 10 mg/L, and
complete decolorization occurs in seconds.

3.2 Effect of Initial Concentration of Dye

The initial concentration of MB influenced the UV light
absorption of TiO, catalyst. It could be seen from Fig. 2 that
MB was degraded slowly at a high concentration. It was
noted that the degradation rate of MB solution decreased
with the concentration increasing.

As the MB concentration increased, some of the UV light
photons were absorbed by the substantial amount of MB
molecules. The quantity of effective photons which was
absorbed by the surface of catalyst was reduced. The
quantity of excited TiO, electrons produced by effective
photons decreased, making the generating holes lessened. So
fewer and fewer holes entered the MB solution and reacted
with adsorbed hydroxide ions to produce hydroxyl radicals,
the main oxidizing species responsible for the photooxida-
tion of organic compounds [1-4].

3.3 Effect of pH Value of the Solution
on the Photo-Degradation

The pH of solution was an important influencing factor for
the photocatalytic reaction. Figure 3 shows the effect of pH
on TiO,/diatomite photocatalytic reaction.

The results showed that too high or too low pH were all
not suitable for the reaction, the optimum pH was 6.2-6.5.
The charge property of diatomite was negative due to the
ionization of silicon hydroxyl. When the pH was high, the
dye molecule was difficult to contact the diatomite because
of repulsive interaction. The decolorizing rate was low in
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Fig. 2 The effect of initial MB concentration on dye photodegradation
rate. pH—6.8, +—20 °C
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alkaline environment. In strong acidic environment the
decolorizing rate was also low, because too many dye
molecules adsorbed on the surface of diatomite, O,, H,O,
OH  cannot contact with TiO, to produce radicals.

3.4 Effect of DDT Doze
on the Photo-Degradation of MB

The effect of catalyst amount on the MB removal was
investigated by varying the initial catalyst dosage (0, 1-
3.5 g/L) at MB initial concentration of 142 mg/L. The
results were shown in Fig. 4.

It was observed that the removal of MB without of cat-
alyst was almost negligible. When the amount of catalyst
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Fig. 4 The effect of DDT dosage on the MB degradation degree. C;,
53 mg/L, pH—6.8, +—20 °C
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increases to 2 g/L, the removal efficiency of MB increases.
This trend can be explained by increasing the reaction sites
available for MB adsorption and degradation. However, an
increase on the catalyst loading to 2.5 g/ and more resulted
in a decrease in the degradation ratio.

It can be ascribed to a steric effect: the greater the content
of DDT in the suspension, the less active centers are avail-
able for UV radiation. Following these observations, it was
decided to keep the amount of DDT catalyst TiO, at the
value of 2 g/I. in subsequent photocatalytic degradation
experiments.

4 Conclusions

The composite photocatalyst DDT on the base of
nanocrystalline TiO, and diatomite as career has proved its
high activity on the photocatalytic degradation of model
organic pollutant—methylene blue dye.

The rate of dye destruction depends on initial MB con-
centration, solution pH and photocatalyst loading.

It was found that at the DDT doze 2 g/L, pH = 6.5-7.0
and the initial MB concentration 53 mg/L under UV irra-
diation complete MB degradation takes place in 5 min.
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Abstract

In this paper, the effect of ytterbium (Yb) impurity on the
microstructure, the specificity of plastic deformation and
the strength properties of PbTe crystals has been studied.
The researches have been conducted on a PMT-3 micro-
hardness tester using loads in the range (50-1000) mN.
For all applied loads, the Pb;_,Yb, Te (x = 0.0025; 0.0075
and 0.01 at.%) single crystals showed pronounced plas-
ticity and very low hardness values (H = 0.35-0.39 GPa),
which is characteristic of compounds containing lead. It
was suggested that the deformation of Pb,_,Yb,Te
crystals under microindentation occurs by a dislocation
mechanism with some contribution of the structure
compaction in the bulk beneath the indentations.

Keywords
Pb,_Yb,Te single crystals * Microhardness
Microstructure * Deformation specificity

1 Introduction

Alloys based on the lead telluride, doped with rare earth
elements, in particular, ytterbium (Yb), are promising
semiconductor materials. Binary PbTe compounds and solid
solutions based on them have a narrow band gap and possess
of a number of important physical properties, such as, the
ability to create a “continuous” matrix of infrared images,
the use of a new method of reading information from such a
matrix, high radiation resistance. Such unique physical
properties of the lead chalcogenides allow them to be widely
used as basic elements of sensitive IR photodetectors, in
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thermoelectric devices, lasers and strain gages and can sig-
nificantly increase the capabilities of the devices derived
from them [1].

Lead chalcogenides crystallize into a cubic lattice of the
NaCl type. The unit cell is a face-centered cube with a
coordination number of 6 and a lattice constant of 6.462 A. It
was found that doping of A"VBY' semiconductors with
ytterbium leads to their unusual physical properties [2]. For
example, the deep level of ytterbium, in dependence on the
alloy composition, can be located both in the band gap and
in the valence band, near its ceiling.

At the same time, it was shown that the use of rare-earth
elements, in particular ytterbium, as an impurity in semi-
conductor compounds of the A™BY! group leads to a change
in stoichiometry and improvement of their crystalline
structure [2].

In turn, the state of the crystal structure is inseparably
linked with the mechanical properties of the material, which
have a great influence on the parameters and reliability of the
manufactured semiconductor devices. However, the effect of
ytterbium impurity on the strength and plastic properties of
the lead chalcogenides is very little studied today [3, 4] and
requires further research to use this compound for fabrica-
tion of the new semiconductor devices. With this in mind,
the task of the paper was to investigate the microstructure,
microhardness and plasticity of the Pb,_,Yb,Te ternary
semiconductors and evaluate the mechanism of plastic
deformation under microindentation.

2 Experimental

The Pb,_,Yb, Te single crystals with a variable composition
of the rare-earth element Yb (x = 0.0025, 0.0075, and 0.01
at.%) were grown by the vertical Bridgman method. The
type of conductivity has been determined using a thermal
sound and it was showed that crystals with ytterbium content
x = 0.0025 had p-type conductivity over the entire length of
the ingot, and crystals with Yb x = 0.0075 and 0.01 had
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p-type conductivity at the beginning of the ingot which then
changed to n-type. Considering that Yb impurity is dis-
tributed unevenly along the ingot, only samples from the
initial sections of the ingot were selected for the study.

The microhardness was studied by the quasistatic method
using the PMT-3 microhardness tester equipped with a
Vickers indenter. Five loads (P = 50, 100, 200, 500 and
1000 mN) were applied on the indenter for the microhard-
ness evaluation. At each load 10 imprints were plotted, then
the average value was taken to calculate the hardness. The
microstructure of the surface of samples and the relief in the
indentation neighborhood were studied by the optical
microscopy method using XJL-101 and Amplival instru-
ments with digital monitoring and an MII-4 microinter-
ferometer.

3 Results and Discussion

First, we consider the microstructure of the surface of the
crystals under study. Figures 1, 2 and 3 shows the surface of
the studied Pb;_,Yb,Te ternary compounds containing dif-
ferent concentrations of ytterbium. Attention is drawn to the
substantial increase and complication of defects on the sur-
face of samples as the ytterbium concentration increases. On
the surface of Pb;_Yb,Te crystals (x = 0.0025) there are
visible areas of the clean surface between which zones with
randomly arranged defects of different types are located,
from dark points of a few microns to threadlike defects
ranging in length from a few microns to tens and even
hundreds of microns (Fig. 1).

The transfer to the Pb;_,Yb,Te structure (x = 0.0075)
dramatically changes the surface morphology. Here the
number of elongated rod-shaped defects significantly
increases (Fig. 2a). The length of these defects varies from
several tens to hundreds of micrometers, their thickness is
about (10-30) pm.

Point and filamentary defects, similar to those shown in
Fig. 1, for this ytterbium concentration, are clearly visible
with a larger magnification in Fig. 2b. Also in Fig. 2b, dark
rounded outlines, arranged in rows, are visible. The size of
them is about (20-50) um. As will be shown below by the
method of interference, such defects impart a large waviness
of the crystal surface (Fig. 4b).

The general background of the surface on Pb,_,Yb,Te
crystals (x = 0.01) somewhat resembles the appearance of
the surface of Pb;_,Yb,Te crystals (x = 0.0025), this is
especially evident with a larger magnification (Fig. 3b).
However, along with this, new defects appeared on the
crystal, and namely, rounded and elongated, curved defects
of black color, the nature of which is not yet clear.

On the one hand, they can be precipitates of undissolved
ytterbium, on the other hand, they can be pores due to

Fig. 1 The microstructure of the Pb,_Yb,Te single crystal surface
area, (x = 0.0025) at two magnifications of the microscope: a small
magnification; b a big magnification

imperfect structures. The size of these defects varies within
(10-100) pm. More they will be studied in the future.

Interferograms in Fig. 4 demonstrate how the various
types of defects presented in Figs. 1, 2 and 3 contribute to
the change in the surface relief. It is seen that the smallest
curvature of the surface is introduced by point and fila-
mentary defects (Fig. 4a).

The darkest rounded contours make the greatest bend
(Fig. 4b). The rounded and elongated curved black defects
give a strong but local curving surface. The bending of the
strips shows that these defects are located below the surface
level (Fig. 4c). Naturally, all types of identified defects to
some extent affect the electrophysical properties of the
crystals under study and should be taken into account when
developing the technology of their growth in order to obtain
highly perfect compounds for their successful practical
application.

The inhomogeneity of the microstructure of the samples
and its complication with an increase in the content of
ytterbium also affected the microhardness values. As shown
by microindentation tests, all samples showed low hardness
values, which is characteristic of compounds containing lead
[3, 4]. The dependence of the microhardness on the load for
all the investigated crystals is shown in the Fig. 5.
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Fig. 2 The microstructure of the Pb,,Yb,Te single crystal surface
area, (x = 0.0075) at two magnifications of the microscope: a small
magnification; b a big magnification

From figure it follows that the dependences H(P) have
shown a non-monotonic course. Three branches can be seen
on the curves: (i) an increasing section in the region of small
loads for curves 2 and 3 (50-100 mN); for curve 1, this part
may manifest itself in the load region P <50 mN;
(ii) drop-down section in the field of medium loads (100-
500 mN) for curves 2, 3 and in the field (50-100 mN) for
curve 1; (iii) the section of saturation in the field of large
loads (500-1000 mN).

In order to understand what caused the non-monotonous
behavior of the H(P) curves and which is the mechanism of
deformation of the studied crystals during indentation, the
surface relief in the vicinity of the imprints made with dif-
ferent loads was studied. It was shown that at all loads, the
Pb,_,Yb,Te single crystals showed pronounced plasticity
and the absence of any signs of brittle fracture.

As an example, indentations and interference patterns
around them are shown below. Two loads on the indenter
were selected for the Pb;_Yb,Te single crystals with dif-
ferent Yb contents: 0.0025 (Fig. 6); 0.0075 (Fig. 7); 0.01
(Fig. 8).

As you can see, the indentations in Figs. 6 and 8 are
almost undistorted square. A noticeable deviation from the
square shape is noted on the indentations of Fig. 7, which is

Fig. 3 The microstructure of the Pb,_Yb,Te single crystal surface
area, (x =0.01) at two magnifications of the microscope: a small
magnification; b a big magnification

Fig. 4 Interferograms of the surface of Pb;,Yb,Te single crystals
with different content of Yb, ar.%: a 0.0025; b 0.0075; ¢ 0.01

associated with the wave-like surface relief on a crystal with
x = 0.0075, which was recorded in the above images
(Figs. 2 and 4b), and not caused by the specificity of
deformation of the indentations.

Thus, the obtained results show that the features of the
course of microhardness-load curves can be defined by
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Fig. 5 Dependence of microhardness on the load on Pb;,Yb,Te
single crystals with different content of Yb, ar.%: 1—0.0025;
2—0.0075; 3—0.01

Fig. 6 Pb;,Yb,Te, x = 0.0025. Shape of indentations (a, ¢) and
interferogram of the surface around them (b, d); a, b P = 50 mN; c,
d P =500 mN

following factors. In the initial parts of the H(P) curves, the
lower microhardness on the Pb;_,Yb,Te sample,
x = 0.0025, is due to the perfect crystal structure and the
lightweight process of the slip of dislocations.

In the area of high loads, its hardness is equal to the
hardness of the Pb,_,Yb,Te sample, x = 0.01, in which
large local defects are formed, resulting in the remaining
structure cleared and approached the structure of the crystal
with a low impurity content.

The wave-like relief of the surface of Pb;_,Yb,Te crystal,
x = 0.0075, was the cause of the curvature of the shape of
indentations with an increase in their size, and as a result, a
decrease in hardness compared to the other two crystals.

As regards the mechanism of plastic deformation during
the formation of an indentation, one can say the following.
The square shape of the indentations is due to the crystal

Fig. 7 Pb,,Yb,Te, x = 0.0075. Shape of indentations (a, ¢) and
interferogram of the surface around them (b, d); a, b P =200 mN;
¢, d P =500 mN

Fig. 8 Pb;,Yb,Te, x = 0.01. Shape of indentations (a, ¢) and inter-
ferogram of the surface around them (b, d); a, b P =50 mN;
¢, d P =500 mN

structure of the NaCl type, which has low anisotropic
properties and characteristic sliding elements.

From Figs. 6d and 8d it can be seen that around the
indentations the material is slightly raised in the form of
pile-ups (otherwise, hilllocks), which descend slightly as it
approaches the indentation creating small sink-ins. The
occurrence of pile-ups should be due to the dislocation
mechanism of deformation. However, the magnitude of this
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pile-up is not so large as to compensate for the amount of
material removed from the indentation.

Therefore, it should be assumed that only a certain frac-
tion of the transferred material forms plastic pile-up around
the indentation. The other part may be due to compaction of
the structure in the bulk beneath the indentation. This
assumption is based on the previously obtained results in the
indentation of a large number of ionic, ionic-covalent
and covalent crystals, including galena single crystals
(PbS) [5-8].

4 Conclusions

In this paper, the microstructure, the specificity of plastic
deformation and the strength properties of Pb;_,Yb,Te
single crystals with different ytterbium contents were stud-
ied. In a wide range of loads, the samples showed pro-
nounced plasticity and low microhardness values (H = 0.35-
0.39 GPa), which is characteristic of compounds containing
lead. The opinion was expressed that the deformation of
Pb;_,Yb,Te crystals by the microindentation method pro-
ceeds by a dislocation mechanism with some contribution to
the compaction of the structure in the bulk beneath the
indentation.
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V. Ceban and M. A. Macovei

Abstract

A three-level ladder-type equidistant quantum-well with
perpendicular transition dipoles, tuned in resonance with
an optical cavity have been investigated in the good
cavity limit. Under the laser pumping, a quantum
interference phenomena occurs. This phenomenon is
controlled via the laser intensities and phases and may be
tuned in order to destructively interfere. The cavity mean
photon number vanishes under these conditions.

Keywords
Quantum interferences * Quantum-wells

1 Introduction

Various effects in quantum optics are originating from the
quantum interference phenomena [1]. The nature of this kind
of phenomena is related to a broad palette of various cases of
quantum superposition. Fundamental phenomena as gain
without inversion have been reported to occur with
three-level atomic systems [2] and electromagnetically
induced transparency have been observed in [3]. The pos-
sibility to control how a system interferes gives an additional
degree of freedom in the manipulation of this phenomenon.
One method of control is to explore the phase dependency of
the interfering system. For example, a mechanism of
manipulation of collective fluorescence of a pumped col-
lective sample of three-level emitters via quantum interfer-
ences have been proposed in [4]. The phase difference of the
two pumping lasers have influenced the decrease and even
lead to the cancelation of the sample’s fluorescent emission.
The phase dependency of the spontaneous emission of a
four-level emitter can be tuned in order to cancel the atomic
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decay, as reported in [5]. Vacuum induced quantum inter-
ferences can be controlled via the phase difference of the
pumping lasers [6].

In this paper, one investigates the case when a three-level
equidistant ladder-type emitter is placed in an optical cavity.
Quantum-wells are particularly good candidates for this type
of emitters as they can be engineered as equidistant
three-level emitters [7, 8], a condition which is difficult to
achieve with real atoms. The emitter is pumped via two
lasers with different phases. Each laser is applied resonantly
to one of the two quantum-well transitions. Under the laser
diving, the energetic levels of the quantum-well are subject
to the dynamical Stark splitting effect [9]. Various transitions
with different transition frequencies appear among the split
energy levels.

As the quantum-well architecture has equidistant energy
levels and orthogonal transition dipoles, the optical cavity
couples to both of the emitter transitions in the good cavity
limit. As under the laser pumping the quantum-well is pre-
pared in a superposition of states, the cavity indistinguish-
ably interacts with the upper and the lower transitions. These
indistinguishable amplitudes of the cavity interaction with
the different quantum-well transitions lead to the interference
effect. In order to solve the system dynamics, one was able
to significantly reduce the complexity of the quantum
dynamics without losing much of generality of the problem
by tuning the cavity in resonance with the degenerate tran-
sition frequency of the quantum-well.

As the interaction amplitudes may be influenced by the
laser intensities and phases, one is able to achieve strong
destructive quantum interferences. Therefore, the cavity field
may be emptied for a well-chosen laser phase difference as
the laser phases are transferred to the interactional ampli-
tudes. In this case, the pumped QW spontaneously decays in
all directions except the cavity. Furthermore, this behavior of
the interfering quantum-well-cavity system is associated
with a quantum switch, where the income laser signals may
switch the cavity field on and off by varying their phase
difference (Fig. 1).
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Fig. 1 The schematic of the model

2 The Model

The QW is described by its bare-states |i),i = {1,2,3} and
their corresponding eigen energies /iw;. The quantum well
free Hamiltonian is expressed as a summation performed
over all the three atomic eigen energies. The atomic opera-
tors of the three-level emitter are defined as S§; =
|9 (jl,{i,j} = {1,2,3} and obey the commutation rule
[Sups Sp] = OppSu — OuaSpp-

The most energetic level |3) may spontaneously decay to
the intermediate level |2) with a emission rate y3,, while the
last one decays to the ground level |1) with a rate v,,.

The laser pumping of the QW is obtained by applying
different lasers for each atomic transition. The laser driving
the lower transition is described by its frequency w;; and
phase ¢, while the laser applied on the upper transition is
given by wp; and ¢,. The quantum-well pumping is
described via semi-classic interactions given by the Rabi
frequencies Q; and Q, for the lower and upper transitions,
respectively. The corresponding interaction Hamiltonian is
given by semi-classical interaction terms, adapted for each of
the atomic transition.

The cavity-quantum-well interaction is also expressed via
two separate Hamiltonian terms, one for each of the transi-
tions. The two corresponding terms are described by a fully
quantum treatment given by the interaction part of the
Jaynes-Cummings model [10]. The two terms are described
by the coupling constants g; and g,. The first coupling
constant represents the quantum interaction of the optical
resonator with the lower transition, while the second one—
with the upper transition.

The quantized cavity field is defined by its frequency w,

and the bosonic creation operator al and annihilation oper-
ator a. The bosonic operators commute as [a,aT] = 1. The

optical cavity is dumped by an environmental electromag-
netic vacuum reservoir at a leaking rate x.

V. Ceban and M. A. Macovei

The system Hamiltonian is defined as:

3
H= hwcaTa + Z hw;S;;
-1

+ hQYy (Suei(w“t""f)‘) + SZIG—i(U)LII+¢]))

+hQ, (5236 (@1 02) 4 §3pe” (WH%))
+ihg(a TSl2 — S2a)
(a

+ihgs T — Spa),

where the first two terms describe the single-mode free
cavity field and the quantum-well free Hamiltonians. As
mentioned previously, the external laser fields and the cavity
field interact with both transitions of the quantum-well and
every interaction is defined via separate terms according to
each transition. Thus, the next two terms of the Hamiltonian
represent the interaction of the quantized cavity with the
atom whereas the last two terms describe the laser-atom
semi-classical interaction.

The system’s quantum dynamics is given by the master
equation for the density operator p as:

—[H.p]+ S L(@)+

\ \
h[ %5(523)4- /—;15(512)7

p= (2)
where, on the right-hand side of the equation, the first term
represents the coherent part based on the von-Neumann
equation, while the other terms describe the damping phe-
nomena. The second term of the equation represents the
cavity photon leaking term, which appears due to the
interaction of the optical resonator with the environmental
electromagnetic vacuum. The last two terms represent the
spontaneous emission of the two excited states, with two
different rates corresponding to each of the transitions of the
quantum-well. In the case of a multi-level atomic structure,
as in our case, the reservoir theory may be applied to each
transition separately. Therefore, the spontaneous decay
dynamics will be defined by separate damping terms adapted
for each of the possible decay transitions.

The damping effects are expressed by the Liouville
super-operator £, which acts on a given system operator ¢ as
L(o) = 20pot —otop —pote

A direct implementation of the system Hamiltonian of
Eq. (1) into the master equation of Eq. (2) does not allow
one to accurately solve it without adopting drastic approxi-
mations to the system dynamics. A set of various transfor-
mations shall be applied to the system dynamics in order to
obtain a solvable master equation, without losing much of
the generality of the problem.

A first step consists in setting the pumping laser fre-
quencies in resonance with the two transitions of the
equidistant three-level emitter, i.e., wy; = @y —w; and
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wp = w3 — . As the transition frequencies of the
quantum-well are equal, one may further note
wp) = wpp = op. This allows the free quantum-well
Hamiltonian term to vanish when one goes in the frame
rotating with wy.

Next, one transfers the phase term from the laser-
quantum-well interaction terms to the cavity-quantum-well
interaction terms by applying the phase-dependent expo-
nential terms to the atomic operators. This allows one to
bring the Hamiltonian term to an easy diagonalizable form of
the quantum-well-lasers subsystem terms.

H = (o, — CUL)aTa + 7 (S12+ S21)
1 (S23 + Sa2) + g1 (al Spe ™ — e 1531a) (3

+ ihgo (aTSg3e_i¢2 - ei¢2S32d)

Within this form, one adopts the semi-classical
dressed-state transformation according to the dynamical
Stark splitting effect of the quantum well under the laser
pumping [9]. The new Hermitian base is defined considering
the pumped quantum-well subsystem eigenfunctions
obtained after the diagonalization of the Hamiltonian part
corresponding to this sub-system. The new atomic wave-
function basis vectors, i.e., the dressed-states, are defined as:

1 1
1) = ———=cos 0|—) —sin 0|0) + —=cos O] + ),
1) =~ ge0s0l-) — sinfl0) + —cos0] +)

=)+ =l +)
V2 NS
1 1
3) = ———sinf|—) + cos 0|0) + —sin O] + ),
3) =~ sindl=) + cos0l0) + —ssind) +)
Here, the angle 0 is defined as 0 = tan~'(Q,/Q;) and the

generalized Rabi frequency is given as Q = \/Qf + Q%.

Within the dressed-state basis, the interaction picture
allows one to distinguish the cavity-emitter interaction terms
according to the dynamic Stark splitting which occurs under
the laser pumping of the two transitions. By tuning the
optical cavity with one of the possible transitions one is able
to apply a secular approximation to the system Hamiltonian.
This approximation is valid as long as & < 1 and § < 1.

In this study one tunes the optical cavity in resonance
with the emitter’s bare-state degenerate transition frequency,
Le., W, = Wy — ] = W3 — w,. As the two lasers are set in
resonance with the emitter, the cavity frequency may be
defined as w. = wy.

The resonant Hamiltonian term within the dressed-state
basis and within the interaction picture, is given as:

2) )+

H= i|g|(aTe”l - e’”’a)Rz,

(5)
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where

(g2 sin fe ™2 4 g| cos He_id’l)

(6)

N =

g:

and W =arg(g). Note that the new set of atomic
dressed-state  operators is defined as Rj; = |i)({j],
{i,jt ={-,0,+}, R,.=R, . —R__ and obey similar
commutation relations as the bare-state operators.

Within the dressed-state basis, the master equation is
defined as:

i
- h
73 8in% 0 + 7, cos?

8

(L(Ro-) + L(Ro))-

73, cos? 0
4

(L(R)+ LRy )+ LR 1))

p=—7[Hp)+3 L)+ (L(R-0)+L(R o)

75 sin? 0
4
(7)

Here, a secular approximation was performed in the
spontaneous terms by neglecting the
time-dependent rapidly oscillating terms. This approxima-
tion is valid as long as 22 < 1 and & < 1.

emission

The master equation of Eq. (7) using the resonant Hamil-
tonian expression of Eq. (5), is solved by building the equa-
tion of motion of the parameters of interest. In this study, the
quantum interference phenomena are observed by investi-
gating the steady-state behavior of the cavity mean photon

number givenasn = ala.1ts equation of motion is found from
a system of coupled linear differential equations given as:

o{afa)

o |g|<aTRz> + (aR;)) — K<aTa>,

AR, )
oelk;) 81(R2) = (5 + 20+ 7) (alR.),

ot 2 (8)
0(aR;) ) K .
S = 18l (R2) = (5 + 204+ 74) aR2),
O(R?
% = =2 +72)(R) +27,.

Vo= (7328in® 0+ 7y co8”0) /4, 7, = (21 + 732
—395,¢0820) /4, 7, = 73, c0s> 0/2 and y,; = 7,, sin> 0/2.

Within the steady-state regime, the system of equation is
solved and the analytic expression of the cavity mean photon
number is given as:

where

Al o2
(n) = <aTa> _— l&l™ye .
K(5 +29,+7a) (27 +74)

©)
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3 Results and Discussions

When the cavity is set in resonance with the bare-state
transition, an effective coupling among the emitter and the
cavity appears. The destructive nature of these interferences
is expressed in the analytical form of the effective coupling
constant g of Eq. (6), when one interaction amplitude can-
cels the other. This condition is achieved when the ampli-
tudes are equal, ie., g;/g2=Q,/Q; and interfere
destructively, i.e., ¢, = ¢, + (2m+ 1)n,m € Z. This con-
dition is verified in Fig. 2, where one shows the cavity mean
photon number n as function of Rabi frequencies ratio
Q,/Q, and laser phase ¢,, while keeping the phase of the
laser pumping the lower transition at a fixed value of
¢, = 0. The other system parameters are 3, = y,; = 7,
g1/y =4, g/y=2and x/y = 1073

The two deeps in the surface of n corresponds well to the
previously mentioned interference condition with g;/g, =
D /Q =2 and ¢, = ¢, + 1 or ¢, = ¢, + 3. In this par-
ticular points, one observes an effective decoupling of the
quantum well from the optical cavity. The cavity is empty,
although the atom is pumped and spontaneously emits
photons in all other directions except the cavity.

The currently investigated system allows one to switch
the cavity field on and off via a change in the input laser
parameters. This particularity of the system can be used for a
potential application for quantum network circuit elements
[11]. While on-chip quantum circuits allow a good integra-
tion of semiconductor artificial-atoms-based systems [12].

Fig. 2 The cavity mean photon number n as functions of the laser
phase ¢, and Rabi frequencies ratio Q,/Q

4 Conclusions

We have investigated a system made of a pumped three-level
ladder-type equidistant quantum-well interacting with an
optical cavity. When the cavity is tuned in resonance with
the degenerate transition frequency of the quantum-well,
quantum interference occurs. The intensities and the phase
difference of the pumping lasers are used to destructively
tune the quantum interference phenomena. When the two
indistinguishable interaction amplitudes are tuned to be
equal and dephased by half period, the cavity field vanishes.
An empty cavity field is obtained in a steady-state regime,
although the atom is continuously pumped.

Previously, one has reported that the field cancelation
may be achieved by tuning the cavity in resonance with the
external sidebands [13] and that this type of interferences
can be also controlled via the phase difference of the
pumping lasers [14]. In this study, the field cancellation is
obtained for the cavity tuned in resonance with the free
emitter transition frequency, which does not depend on the
ac-Stark splitting. Therefore, one does not have to re-tune
the cavity when varying the laser intensities. Here, the laser
parameters are used only to tune the interferences destruc-
tively by choosing a suitable intensity ratio and phase
difference.
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Abstract

The paper presents experimental results on a novel Eu
dinuclear coordination compound [Eu(u,-OC,Hs)
(NO);(phen)],-phen with high emission quantum yield.
The complex has been characterized by photolumines-
cence (PL) spectroscopy. The absolute PL quantum yield,
and the sensitization efficiency were determined to be
49.2% and 78.7% respectively.

3+
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European complex ¢ Dinuclear compound *
Luminescence ¢ Quantum yield

1 Introduction

Eu’* based coordination complexes present interest for a large
number of applications in optoelectronics, biochemistry,
medicine, etc. [1-5]. The goal of research described in this
report was synthesis and characterisation of a novel Eu®*
dinuclear coordination compound bis[(}L,-etoxi)(benzoyl
trifluoroacetonato)(nitrato)(1,10-phenantroline)europium(IIl)]
1,10-phentroline, hereafter [Eu(p,-OC,Hs)(NO);(phen)],-
phen, with high emission quantum yield. Potential application
of the new dinuclear complexes refers to optoelectronics,
medicine, biology, biochemistry, etc.
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2 Methods for Characterisation
of the Complex

The dinuclear complex [Eu(u,-OC,Hs)(NO)s(phen)],-phen
have been synthesized as described elsewhere [6, 7]. The
molecular structure of the complex is illustrated in Fig. 1.
Samples were characterized by PL spectroscopy. PL emis-
sion spectra were recorded using different excitation sources
with a MDR-23 single emission monochromator. A pulsed
nitrogen laser at 337 nm with repetition rate 10-100 Hz and
the pulse width 10 ns was used for excitation of Eu** ions in
the charge transfer band. Another excitation light source was
a Thorlabs LD at 405 nm. The emitted PL signal was
detected with a Hamamatsu phomultiplier module H8259-01
with a counting unit C8855-01 connected to a PC. Fluo-
rescence measurements were performed in a photon count-
ing mode. The spectral resolution for PL spectra
measurements was as low as 0.125 nm. For both the PL
spectra and the quantum yield measurements the emission
spectra were corrected for the instrument spectral sensitivity.

PL intensity time decay was recorded using nitrogen
pulsed laser at the repetition rate 10 Hz. The PMT module
Hamamatsu H8259-01 with the pulse-counter C8855-01
provides time-resolved measurements with the time resolu-
tion 50 s, which was sufficient for registration of the Eu’*
complex PL relaxation in the range 50 ps—10 ms.

Measurement of the photoluminescent quantum yield was
performed using the absolute method of integration sphere
[8-10]. The integration sphere was 150 mm in diameter, and
the inner spherical cavity wall was coated with MgO by
burning magnesium ribbon in an O, stream.

The quantum yield Q (the quantum efficiency) is com-
monly defined as the ratio of the number of emitted photons
N,,, to the number of absorbed photons N [1, 8]:

Q:Nem/Nabs (1)

Figure 2 illustrates experimental approach for measuring
the absolute quantum yield. Firstly, the excitation spectrum
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Fig. 1 Illustration of the molecular structure of the dinuclear complex
[Eu(p,-OC,Hs)(btfa)(NO);(phen)],-phen

Emission

Excitation

Fig. 2 Schematic illustration of sample in the integrating sphere:
1—sample under direct laser excitation; 2—sample under diffuse laser
excitation; 3—baffle

is registered when the substrate without the sample is placed
under direct excitation beam in the sample holder. The total
area under this spectrum (Sp) is proportional to the number
of excitation photons minus those absorbed in the substrate.
In the next step we registered the excitation spectrum when
the measured sample itself (the substrate with PL compound)
is placed under excitation beam in the sample holder. The
total area under this spectrum (S;) is proportional to the
number of excitation photons minus those absorbed in the
substrate and the compound (Fig. 3).

The PL emission spectrum was registered with the probe
(substrate with the sample powder) under excitation beam
placed in the sample holder. The total area under this
spectrum (S;), is proportional to the number of emission
photons under direct and diffuse excitation. Next, the PL
spectrum was registered when the probe is excited only by

3x10*
Excitation Emission
x20
— So
2x10*
3
©
= S, .S,
—
1x10* 4 er
4
i
[ S,
%
0 ——L—/
400 600 650 700

A, nNm

Fig. 3 Illustration of the excitation and emission spectra registered for
determination of the quantum yield

indirect excitation light, diffusively reflected from the inte-
grating sphere walls (S3). The quantum yield was determined
as follows [8, 10]:

Q= (82—53)/(So — S1) (2)

3 Photoluminescence Spectra
and Discussion

PL emission spectra of the dinuclear complex [Eu(u,-
OC,H5)(NO)s(phen)],phen, registered at 300 K under
excitation of the diode laser beam 405 nm in powder sam-
ples and in solution of dimethylformamide are represented in
Fig. 4. Upon UV excitation the Eu** complex exhibits the
well-known characteristic transition bands 5D0H7Fj G=0,
1, 3, 4) with typical narrow band features. The complex
shows strong emission bands in solid state, and less intense
bands are registered in the solution sample (Fig. 4).

The transition °Do—'F, (electric-dipole transition) at
around 611 nm is the most prominent one. The other bands
corresponding to 7Fj (j = 0-4) are not very intense. Among
these bands the most remarkable in the luminescence spec-
trum of the complex [Eu(u,-OC,Hs)(btfa)(NO);(phen)],:
phen is the band at 580 nm, corresponding to the transition
*Dy—'F, with very small line width. For example, for the
PL spectrum represented in Fig. 5 the full width at half
maximum (FWHM) equals 32 cm™'. The *Dy—'F, transi-
tion is strictly forbidden by the selection rules and usually
can be observed only in low-symmetry complexes [11, 12].

The *Do—F, peak appears narrow in the powder sample
(32 ecm™") and a little bit wider (45 cm™) in the solution
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Fig. 4 PL spectra of the powder sample (1) and dimethylformamide
solution sample (2) for [Eu(p,-OC,Hs)(NO)s(phen)],-phen complex at
300 K under excitation 405 nm
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Fig. 5 PL spectrum of the powder sample of the complex [Eu(u,-
OC,H;5)(NO);s(phen)],-phen at 300 K under excitation 405 nm. The
integrated intensity ratio L(’Dy—"Fo)/I;*Do—"F) is 9.02

sample (Fig. 4). The wider width of the peak in the solution
sample suggests a higher degree of freedom for the complex
molecules in the dimethylformamide solution compared to
solid state sample.

The emission spectrum of the complex registered in the
powder sample exhibits a slightly different degree of split-
ting compared to the complex dissolved in the solution of the
dimethylformamide (Figs. 5 and 6). This difference in
splitting degree suggests different degree of distortion of the
crystal field in different media.

The ratio of integrated intensities of the 5D0—>7F2 and
’Dy—'F; bands L(’Dy—F,)/I;°’Dy—’F;) is commonly

163

1200 -

800 -

|, a.u.

400

600 650 700

Fig. 6 PL spectra of the dimethylformamide solution sample [Eu(p,-
OC,H;5)(NO)3(phen)],'phen under excitation 405 nm (1), and 337 nm
(2) at 300 K. The integrated intensity ratio I,(*Dy—"F>)/I;*Do—F,) is
14.4 for (1) and 13.5 for (2) spectrum

accepted as an indicator of Eu®* site symmetry, as far as it is
dependent on the type and coordination of the ligands
around the Eu®* ion [11-14]. In this context sometime the
parameter called effective site symmetry (ESS = Ii/I,) is
used, which describes not exactly the site symmetry of the
ions in the crystal structure, but rather the response of the
Eu’ ions to the average crystal field [15, 16].

In the case of powder sample of the complex [Eu(p,-
OC,H;5)(NO);(phen)],-phen the integrated intensity ratio
L(Dy— "Fo)/1,°Dy—'F,) is 9.02 (Fig. 5), while in the
dimethylformamide solution sample the ratio is ca.
14 (Fig. 6). As it was shown elsewhere [15, 17] the higher
the ratio L(°’Dy—"F,)/I;(°Dy—"F,), the lower the effective
site symmetry.

The PL emission band in the range 585-600 nm is
attributed to the Dy—F, transition which is a magnetic
dipole transition, and it reflects the crystal-field splitting of
the 7F1 level (Fig. 5, the inset). Commonly in the case of
single Eu®* site the total removal of crystal field degenera-
cies results in three sublevels for 'F;. In the case of dinuclear
complex [Eu(u,-OC,Hs5)(NO);(phen)],-phen we can distin-
guish 'F, splitting into 4 components, which can be related
to the dinuclear nature of the complex. Indeed, PL mea-
surements, carried out at low temperatures [18], show PL
spectra splitting into multiple lines, that points to existence
of two distinct, although chemically very similar, emitting
Eu’* centers in the dinuclear complex [Eu(p,-OC,Hs)(btfa)
(NO)3(phen)],-phen.

The PL decay curves of the complex were registered for
>Dy—'F, transition both in solid state and dimethylfor-
mamide solution. Temporal characteristics of the PL exhibit
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Fig. 7 PL decay profiles for powder and solution sample of [Eu(u,-
OC,H;5)(btfa)(NO3)(phen)],-phen complex at 300 K registered at
611 nm under pulsed excitation 337 nm

a bi-exponential decay; both for the powder sample, as well
as for the dimethylformamide solution sample (Fig. 7). Both
of the decay curves can be fitted by two-exponential
function:

I(t) = Ayexp(—t/71) + Arexp(—1/12) (3)

where A; and A, are pre-exponential factors, and 7; and 1,
are the time constants.

The lifetime constants for Eu®* obtained from the plot in
Fig. 7 are respectively t; = 1.08 ms and 7, = 0.13 ms for the
powder sample; while the time constants measured in
dimethylformamide solution of the complex are a bit lower
and equals 7; = 0.57 ms and 7, = 0.28 ms. The lifetime
decrease can be related to the higher degree of freedom for
the complex molecules in the dimethylformamide solution
compared to solid state sample. The absolute quantum yield
of PL measured in powder samples by the integration sphere
was found to be 49.2%. The intrinsic quantum yield and the
sensitization efficiency were determined as described in [14]
and found to be 62.5% and 78.7% respectively.

4 Conclusions

A new dinuclear complex [Eu(p,-OC,Hs)(NO)s(phen)],--
phen has been synthesized and characterized by PL spec-
troscopy. PL emission spectra exhibit characteristic emission
lines attributed to the transitions *Dy—F; (j = 0—4). Both

V. I. Verlan et al.

the emission spectra as well as PL kinetics suggest the
presence of two sites of the Eu®* ion. The absolute PL
quantum yield, and the sensitization efficiency were deter-
mined to be 49.2%, and 78.7% respectively. The new din-
uclear complex appears attractive for application in
optoelectronics, medicine, biochemistry, etc.
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Abstract

Spatial dispersion in ZnP,-Dj has been studied. The
spectral dependences of the refractive index n“(Elc, kla),
n“(Ela, klc) and n®(Elb, klc) had been determined. It was
shown that the dispersion is positive n“(Elc, kla), n“(Ela,
klc) > nb(EIIb, klc) in 4 > Ay region, the dispersion is
negative n(Ele, kla) at /. < Ao, and An = n° — n’= 0 at
A = Zg. The LIV characteristics of Me—Zan—Dﬁ diodes
had been studied at different temperatures, the tempera-
ture dependences of the “imperfection” factor o for
different Schottky barriers. Capacitance voltage charac-
teristics of Me-ZnP,-Dj photodiodes obtained by elec-
trochemical deposition of metal and by thermo-chemical
spraying in vacuum had been studied. The influence of
birefringence and gyration on spectral characteristics of p-
n photodiodes and Schottky diodes had been revealed.
The ability of controlling photodiodes’ characteristics was
obtained using the gyration particularities in ZnP,-D§
crystals.

Keywords
Schottky diodes ¢ Optical gyration ¢ Anisotropy

1 Introduction

Zinc diphosphide—is a wide gap semiconductor material of
A’B® group, which possesses the anisotropy of optical
properties with natural gyrotropy [1-5]. Devices of quantum
electronics and nonlinear optics had been elaborated basing
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on ZnP, crystals, which operating principle is based on
gyrotropy and nonlinear crystal polarizability [4, 5]. The
values of nonlinear polarizability and gyrotropy of ZnP, are
higher than those for other crystals [1-5]. The low thermal
conductivity of ZnP; crystals (10 W/m K) is used to create
laser beam deflectors with thermally induced gradient of the
refractive index [4, 5].

The developed photoresists based on ZnP, possess a low
relaxation time constant and are suitable for registering
impulse radiation flows of 1 x 10~ s duration. Photoelec-
tric emitters and photodiodes, electric switches and Zener
diodes had been developed based on ZnP, single crystals [1-
5]. ZnP;, crystals change the optical activity with temperature
change, while maintaining the linear dependence of the
rotational ability of polarization plane on the temperature
(temperature sensors) [4, 5].

The birefringent properties on perfect, high-quality ZnP,
crystals, LIV, capacitance-voltage characteristics, and pho-
tovoltaic characteristics of p-n-ZnP, structures, (n-p-ZnP,)
are studied in this paper, including the characteristics of
Me-ZnP, diodes and ZnP,-D§, ZnP,-C3, heterojunctions.
A comparison of the characteristics of the device structures
obtained by electrochemical deposition of metal and metal
thermo-chemical spraying in vacuum on the surface of the
crystals has been made. The influence of the gyration phe-
nomenon on the characteristics of p-n photodiodes and
Me-ZnP, photodiodes was examined.

2 Experimental Method

The process of growing single crystals of zinc diphosphide
from Zn and P precursors occurred in two stages. The first
step was the synthesis conducted in a quartz ampoule placed
in a pressure container (=40 atm.). 300-500 g of substance
were synthesized simultaneously. The synthesized com-
pound is sublimed in vacuum to obtain single crystals in the
second step. The maximum dimensions of ZnP, ingots
obtained from the gas phase reached 10 x 10 x 20 mm.
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The single crystals had been cleaved perpendicular to the
C axis. The measurements were carried out on single crystals
obtained in plates form or prisms grown along the C axis and
having a not treated mirror surface. Schottky diodes, p-
n junctions had also been obtained on the cleaved not pol-
ished surface. Optical transmission spectra in crossed
polarizators were measured with MDR-2 and JASCO-670
spectrometers. Low-temperature measurements were made
using LTS-32C330 Workhorse-type optical cryostat.

3 Experimental Results and Discussions

A characteristic feature of ZnP,-Dj crystals is the dispersion
of the refractive indices ng and n, at the absorption edge
(birefringence), which is associated with the peculiarities of
the band structure. The selection rules of electronic transi-
tions determine the nature (allowed, prohibited) of these
electronic transitions. This will determine the value of
absorption and dielectric constant in the respective polar-
izations, and hence the sign of birefringence. These features
lead to the rapid growth of one of the refractive indices as
approaching to the fundamental absorption edge. This
determines the anisotropy of the interband absorption edge
of the crystal in the respective polarizations. The intersection
of the dispersion curves (isotropic point—IP) from the long
wavelength side of the absorption edge is observed in ZnP,
crystals.

The existence of two types of waves in the crystal—
ordinary and extraordinary, for which there are two refrac-
tive indices ny and n,, is determined by the crystal’s
dielectric tensor ¢ (w, k), which depends on the frequency o,
and the wave vector K.

Figure 1 shows the interference spectra of the transmis-
sion of ZnPZ-Dﬁ crystals with 470 £ 2 um thickness at
polarizations Elb, Ela and Elc at 300 K. The transmission
spectra at polarization Elb are stretched in the interference
pattern on the wavelength scale for clarity. The curves for
the Ela and Elc polarizations intersect approximately at 610—
620 nm wavelength values. Simultaneously, it should be
noted that the crystals’ transmittance at Elb polarization is
somewhat larger than at other polarizations.

The edge absorption is also polarized, and it is due to
direct allowed transitions in the region of high absorption
coefficients. The bandgap at E_Lc polarization is less than at
Elc polarization. The zones’ splitting value is 42 meV at 9 K
[2, 3].

The transmittance spectra of Zan—Dfi crystals are mea-
sured at room temperature in the Ela and Elb polarizations
for undoped samples (z1) in the 560-1800 nm region,
Fig. 2. The crystals had approximately the same thickness
(d =245 £ 5pm) and natural chipped surfaces.
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Fig. 2 A Transmittance spectra of ZnP,-D§ crystals at Ela and Elb
polarizations for undoped samples (z1) and antimony-doped 1% (z2)
and 1, 5% (z3)

The value of the transmittance coefficient for the Elb
polarization is a bit more than for the Ela polarization and in
undoped crystals (z1) and antimony-doped 1% (z2) and
1.5% (z3), Fig. 2. The spectral dependence of the refractive
indices for Ela, Elb and Elc (z1) polarizations and for the Ela
and Elb polarizations in samples doped with antimony 1%
(z2) and 1.5% (i) are calculated from the reflectance spectra
using the Kramers-Kronig method, Fig. 3.

Transmittance maximum is observed at this wavelength
in the crystals’ transmission spectra placed between crossed
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Fig. 3 The spectral dependences of the refractive index obtained from
the Kramers-Kronig calculations for the Elc, kla, Ela, klc and Elb, klc
polarizations for undoped crystals (z1)

polarizators (Fig. 4a). o wavelength is shifted to shorter
wavelengths region in accordance with the temperature
coefficient of the offset absorption edges at ELlc and Elc
polarizations and 9 K. The difference of refractive indices
difference An=n®—n", An=n°—n® An=n°—n" are
positive values in the short-wavelength region of /4,. These
values are negative in the long-wavelength region of A,
Fig. 4a. This crystal is a phase plate in which two light
waves propagate at different speeds.

Rotation of the polarization plane of light waves is
observed in case of the propagation of light waves along the
C axis of ZnP, crystals. ZnP,-Dj crystals possess a natural
optical activity. The optical activity is observed along the
C axis of the uniaxial Zan—D§ crystal.

The value of the rotation ability for left and right rotating
planes of light’s polarization increases near the fundamental
absorption edge. The characteristics of the optical activity
are practically identical in the left and right rotating ZnP,
crystals, obtained in different technological regimes
(Fig. 4b).

The electromotive force (EMF) of Me-ZnP, diodes cre-
ated on fractured surfaces of undoped crystals, which pos-
sess a natural gyrotropy can have a positive or negative
value at Ela polarization change with Elb. The transmittance
spectra of doped crystals (7},) are more intense in the area of
A> 612 nm (1> Ag) at Elb polarization than at Ela polar-
ization (T,). The light waves penetrate to a shallower depth
at Ela polarization, i.e. create a photo-EMF J;,;, in the active
region of the upper diode (conventionally has a positive
direction). The wave polarization corresponds to Elb case if
turning the polarization plane of the incident waves at 90°.
The transmittance coefficient T, is higher at this polarization
than at Ela. The waves penetrate the spatial charge region of
the lower photodiode creating a photo-EMF in this area. If
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Fig. 4 a The spectral dependence of the refractive index difference
An=n®—n’, An = n° — n® and 4n = n° — n® of ZnP, crystals, where
n?, n®, n¢ refractive indices for Ela, Elb, Elc polarizations, respectively
(o, B, y-undoped crystals, d-doped crystals 1.5% Sb), b the spectral
characteristics of the rotation capacity of four undoped ZnP, crystals,
obtained under different processing conditions

the thickness of the crystal corresponds and provides the
plane rotation of the light waves at 90°, the photo-EMF will
fit the polarized waves at Elb. The EMF ]Zh has an opposite
direction comparing to the photocurrent direction Jy;, (con-
ditionally negative value). The spectral characteristics of the
photoconductivity in the short- and long-wavelength region
of 2y (612 nm) are shown in Fig. 5.

The gyration of the polarization vector of light waves
occurs in case of light waves propagation along the C axis of
the crystal. The light is absorbed in the spatial charge region
of the lower diode for the wavelength range 1 > Ay, gener-
ating a photo-EMF and in the upper diode generating an
opposite sign photo-EMF of in the short-wavelength region
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Fig.5 a Me—n—p—Zan—Dﬁ—Me (Me-Au, Ni, In) structure obtained on
the fractured surfaces of the crystal with a 270 um; b spectral response
of photosensitivity in 4 < Ao region

(4 < Zg). The spectral response curve crosses the zero axis of
EMEF approximately at a 4y (612 nm) wavelength. The value
of the photosensitivity in the maximum of In-ZnP, structures
is higher than for Ni-ZnP, and Au-ZnP, structures for the
same conditions, Fig. 5b. The crystal’s thickness affects the
spectral characteristics of the diodes, which determines the
angle of the polarization plane of light waves that reach the
lower photodiode.

The transmittance coefficient T is described by an
expression T = sin2(pd), where p is the value of the specific
rotation at 4y wavelength and at the same time is the inter-
action constant. The transmittance coefficient may be rep-
resented as:

sin(n/2) [(5n2 +An?)%d
T =

14 (An/dn)* ’ M)

where An = n, — n,—is the linear birefringence of the
crystal; on = Ap/m—<circular birefringence; d—thickness of
the crystal element. From this expression it follows that the
optimum thickness of the crystal that corresponds to the
transmittance maximum is d = n/2p,, where p, = p(2,).
The spectral characteristic of photosensitivity has an
intense peak at a 650-760 nm wavelength value and crosses
the axis of wavelengths at 600-615 nm energy with
decreasing wavelength, and has a negative value of the EMF
at 450-500 nm wavelength. This characterization of photo-
sensitivity is due to competing mechanism of EMF arising in
a structure with oppositely connected photodiodes. The light
waves penetrate deeper and create a photo-EMF in the
positive charge region (PCR) of the lower In-ZnP, photo-
diode, which has conditionally a positive value in the
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Fig. 6 a The structure of Me-n-p-ZnP,-p-n-Me photodiode; b—the
spectral distribution of the photo response (J,,) at Elc polarization,
under different applied voltages

long-wavelength region of the isotropic point (4o) (curve J,,
Fig. 6). The absorption coefficient increases as the wave-
length decreases and the photo-EMF is generated by direct
transitions. This leads to the excitation of charge carriers in
PCR of the upper n-p (ZnP,) diode, which possesses nega-
tive photovoltage.

4 Conclusions

The spectral dependences of the refractive indices n‘(Elc,
Kla), n“(Ela, klc) and n”(Elb, klc) in ZnP,-Dj crystals
intersect at a wavelength Ao = 612 nm. The crystals are
isotropic at 4, wavelength and, in case of crossed polariza-
tors, have a maximum bandwidth. The refractive indices
n‘(Elc, kla) and n“(Ela, klc) are hi